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ABSTRACT 
A landfill is built up in cells with each cell filled in layers.  Layers are covered with soil, typically 
200 to 300mm thick as a temporary measure to maintain sanitary conditions.  A thicker cover, 
typical 500mm, would be placed over a completed cell.  Previous researchers have measured O2 
concentrations at shallow depth beneath soil covers as well as high concentrations of CO2 relative to 
CH4 from the surface of soil layers. 
Despite evidence of the ingress of O2 through soil covers, the extent that the uppermost 
waste beneath soil covers is degraded aerobically has not been quantified. A major challenge in the 
quantification of aerobic processes in beds of soil covered waste is that CH4 oxidation, composting 
and anaerobic digestion could occur simultaneously in different zones close to the surface of the 
bed.   
The objectives of this study were: 
 To develop and verify a mass balance model for a waste bed exposed to atmosphere at the 
upper surface to determine the rate of CH4 oxidation (rox), composting (rcom) and anaerobic 
digestion (rAD) based on surface fluxes of gas components and concentrations of the same 
components at the base of the bed; and 
 To apply and validate the model on packed beds of fresh waste with a surface exposed to 
atmosphere in order to determine the contribution of aerobic processes to waste degradation.    
The mass balance model that was developed is a steady state mass balance of the gaseous 
components CH4, CO2, O2 and the stable isotope 
13
C-CO2 over a control volume with the net flux of 
these components in or out of the control volume as inputs and the three reaction rates, r (= rAD, rOX, 
rCOM), as fitting parameters to the overdetermined set of 4 mass balance equations. The model was 
validated by analysing a blend of gases arising from a composting reactor, a CH4 oxidation reactor 
and a stream of bottled CH4:CO2 (50:50 v/v) gas representing anaerobic digestion.  The model 
estimations showed a coefficient of determination (r
2
) of 1.00, 0.97 and 0.98 for rAD, rox and rcom 
when independently determined stoichiometries and an arithmetic sum of the production or 
consumption of each gas component from each source was used as input to the model. The fit of the 
model deteriorated to 0.86, 0.77 and 0.74 when using experimentally measured values of the 
composition and volume of the blended gas as inputs for the net production or consumption of each 
gas component, illustrating the sensitivity of the model to input fluxes.      
The mass balance model was then applied to interpret the reaction processes occurring in 
four packed beds of 35kg of MSW. The nature of degradation in each bed was altered as follows:  
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 Reactor 1 was fed with CH4 at the base of bed. 
 Reactor 2 was flushed with 2-Bromoethanesulfonate to partially suppress CH4 generation 
and therefore CH4 oxidation. 
 Reactor 3 contained a bed covered by a 10-15cm layer of soil to limit O2 intrusion. 
 Reactor 4 was the control reactor, containing the same amount of waste and operated in the 
same manner as the other reactors. 
The consumption rate of O2 and the production rates of CH4 and CO2 were measured on-line while 
the production of 
13
C-CO2 was measured by manual sampling and analysing at 10-15 day intervals.  
The mass balance model was used to estimate r at each 
13
C-CO2 sampling event over the 
course of experiment (26 weeks). The result of this experiment showed that anaerobic digestion, 
CH4 oxidation and composting occurred simultaneously in both the covered and uncovered beds. 
The emitted biogas in the uncovered beds implied that they were fully aerobic. The results of mass 
balance model, however, revealed that both rAD and rOX were significant and based on an integration 
of rAD, 49% of the beds COD was degraded anaerobically. The generated CH4 was subsequently 
oxidized leading to a minimal CH4 emissions from the uncovered beds. Similarly, approximately 
35% of the total emitted C from the soil covered bed was CH4, superficially implying this was the 
only bed supporting anaerobic activity. However, the mass balance model showed rAD was only 
marginally enhanced by the presence of soil layer with 68% of the solids (COD basis) degraded  
anaerobically. The mass balance demonstrated that the high level of CH4 emission from the soil 
covered bed relative to the uncovered beds was due to the suppression of rOX, which was an order of 
magnitude less in Reactor 3 compared to the uncovered reactors.  
The accuracy of the mass balance model was validated by comparing the extent of COD 
removal according to the model with COD assays of the fresh waste and digestate of each reactor. 
Furthermore, the occurrence of rAD, rOX and rCOM where consistent with vertical gas concentration 
and microbial community profiles.   
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1 CHAPTER 1: Introduction 
 
 
1.1 Problem Statement 
 
Landfill is the most common method of solid waste disposal 
worldwide. Decomposition of organic waste in landfill generates 
biogas mainly consisting of CH4 and CO2. Landfills are the second 
largest global source of anthropogenic CH4 emissions. For example 
in the US, it was estimated that around 18% of national CH4 
emissions is related to landfills (US EPA, 2013). CH4 is a potent 
greenhouse gas with 25-28 times greater global warming potential 
than CO2 over a 100-year period (IPCC, 2014). In contrast, CH4 can 
be harvested and used as a source of biomass energy which can 
offset some environmental burdens of landfills. Biogas extraction 
from landfills is now commonplace where biogas, without upgrade 
other than sulphide scrubbing, is used as a source of energy to 
produce electricity in internal combustion engines. In addition, in 
some projects landfill gas can be upgraded to substitute for natural 
gas and be delivered as compressed gas into natural gas pipelines 
(Spokas et al., 2006).  
Both these positive and negative impacts of landfill gas 
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generation are researched widely. In particular, landfills have been included in the national 
greenhouse accounts of signatories to the Kyoto protocol in 1997. Accordingly, measurement 
techniques and a number of numerical and mathematical models have been developed to estimate 
CH4 emissions from landfills. For example, the Intergovernmental Panel on Climate Change (IPCC) 
and the US EPA developed models based on first order decay that are widely used by industry and 
state regulators to estimate landfill gas generation and emission from landfill.  
Estimating the rate of landfill gas generation is central to most landfill gas emission models. The 
CALMIN model (Corcoran et al., 2012) is an exception to this, where emissions are controlled by 
the rate of mass transfer through the cover. All landfills with gas extraction and gas utilisation 
facilities are also interested in predicting gas generation to plan their infrastructure and anticipate 
revenues from the biogas. Historically, CH4 generation in landfill has been estimated as a function 
of the amount and composition of waste disposed and the rate that the waste degrades, considered to 
be dependent on climate variables such as rainfall and temperature (Börjesson et al., 2009a; Garg et 
al., 2006a; IPCC, 1996; Scharff & Jacobs, 2006; Themelis & Ulloa, 2007; US EPA, 2012). These 
conceptualisations consider the landfill as a fed-batch reactor operating under strictly anaerobic 
conditions (Spokas et al., 2009).  
Known models of landfill do not take into account how a landfill is actually operated. In reality, 
landfills are prepared incrementally in cells, following a ‘just in time’ approach to minimise capital 
outlays and to avoid liners deteriorating before they are used (Kangas, 2013). The cell being filled is 
known as the active cell. The active cell is filled in layers, approximately 2 to 3m deep, and covered 
with a layer of soil approximately 200mm deep which is removed when the next layer of waste 
placed after the cell is traversed. The cell is capped with a thicker intermediate cover 
(approximately 400 to 600mm thick) once the cell is filled. Therefore, waste will remain covered 
with soil for months to years, depending on the sequence of cell construction, until the landfill is 
finally capped with clay and possibly geomembranes.  
Therefore, the conditions in the shallow layers of a landfill are potentially aerobic to some 
depth. Measured profiles of O2 concentrations in landfill have shown that O2 can penetrate up to 
one metre into the waste bed (Widory et al., 2012a). Vertical profiles of the relative concentrations 
of CO2 and CH4 have indicated a predominance of aerobic processes both in the soil cover and the 
waste immediately below the soil layer (Bogner et al., 1999). Aerobic decomposition will diminish 
the CH4 potential of waste, either directly by composting or indirectly by the oxidation of CH4 
produced at greater depths (Pommier et al., 2008).  
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Further recent publications show the existence of both CH4 oxidation and composting processes 
in freshly placed waste in landfill. Studies on temperature rise in freshly disposed waste revealed 
the importance of composting in the early phase (Bonany et al., 2013c; Lanini et al., 2001a; 
Lefebvre et al., 2000b). Spokas et al. (2006b) concluded that methanotrophic bacteria are 
established in daily and intermediate soil covers through observations of high CO2 fluxes from 
active landfill cells, but this may have also been partially attributable to composting activity.   
1.2 Objectives of the research 
Despite evidence that aerobic processes are significant in the degradation of freshly placed waste, 
there has been no study that has attempted to quantify the loss of CH4 potential of waste by aerobic 
processes, both composting and CH4 oxidation, in landfill. This thesis is a fundamental 
experimental study that will augment the body of information relating to waste degradation 
behaviour in beds exposed to atmosphere at the upper surface, approximating an active landfill cell 
in a laboratory experiment set-up. The specific objectives of this PhD study are: 
1) To development and validate a mass balance model to determine the rate composting, CH4 
oxidation and anaerobic digestion when they occur simultaneously in a bed of waste. 
 
2) To investigate the behaviour of fresh waste degradation under semi-aerobic conditions 
similar to the active cell environment and to determine the contribution of each aerobic 
process (CH4 oxidation and composting) to the degradation of waste in the bed. 
The structure of this thesis to achieve the goals is depicted in Figure 1-1. The outcomes of this 
work will provide support to the development of more accurate landfill gas generation models. 
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2 CHAPTER 2: Literature review 
2.1 Landfill in waste management systems 
Sanitary landfill refers to an engineered facility for receiving and 
storing municipal solid waste. The priority of modern landfills is to 
minimize public health and environmental impacts (Tchobaboglous et 
al., 1993). Despite large recycling efforts and waste minimizing to 
reduce the amount of waste disposed to landfill. For example, the EU 
Landfill Directive set a number of different targets, among them it 
demands the householder to ultimately reduce biodegradable 
municipal waste being sent to landfill to 35% of the 1995 level by 
2016. However, landfill it is still one of the necessary components in 
all waste management systems, regardless of the level of pre-
treatment of waste prior to landfilling (Figure 2-1). For example 
Australia has a strong dependence on landfill as a form of waste 
management (Figure 2-2). Statistics show that between 50 to 70%, 
depending on how to describe the waste, of all generated waste in 
Australia was disposed to landfill. This is the highest rate of 
landfilling, as a fraction of total waste generation, in the developed 
world (Australian Bureau of Statistics, 2010). Landfilling in Australia 
has continued to increase over the last 15 years. Landfilling is the 
predominant method of disposal in most other countries.  The rate of 
landfilling varies from country to country ranging from 3% in Japan 
to 100% in some developing countries. Table 2-1shows the 
percentage of total waste that is disposed to landfill in some countries 
across the world. 
CHAPTER 2  
Literature Review 
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Figure 2-1: Elements of an integrated solid waste management system (adapted from 
McDougall et al. (2008))  
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Figure 2-2: Trends in total waste generation and management, Australia 2006/07 to 
2010/11 (Randell et al., 2014) 
 
 
Table 2-1: Percentage of waste disposed to landfill in a range of countries (Hoornweg & 
Bhada-Tata, 2012) 
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2.2  Procedure of waste placement in a modern landfill 
While structural aspects of landfills such as liner and capping systems are widely discussed in the 
literature, there is very little focus on the operational aspects of landfilling. The method of placing 
waste in landfill is central to the aim of this thesis, to explore interactions of air with shallow 
landfilled waste 
A consistent method is applied to disposing waste in large modern landfills, with similar 
machinery used globally. On a daily basis, waste is unloaded in active landfill cells, typically in 
loads of 50 to 100t from central collection points commonly called transfer stations. The waste is 
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spread and compacted in layers by sheepsfoot bulldozers; this process optimises valuable landfill 
space. Waste is typically placed in lift heights of up to 3 metres. The area of exposed waste or 
working face is restricted as much as possible, with the best operations progressively covering 
waste with a layer of 200 to 300mm of soil and restricting the width of the working face to as little 
as 20m. The working face should be as small as possible to limit the amount of windblown litter, 
odours and to reduce potential contact of rainfall with exposed waste which must then be handled 
and treated as landfill leachate.  
The landfill guidelines in Australia generally recommend that the working face be less than 
30m × 30m and the height of each lift should be less than 2 meters (Queensland Department of 
Environment and Heritage Protection, 2013). At the end of each day, the deposited waste is covered 
with a thin layer of soil to reduce rain infiltration and to minimize health and environmental risks 
posed by the waste (Ir EPA, 2011). This layer of soil is commonly referred to as daily cover. A 
minimum thickness of 30cm of soil is prescribed in most Australian landfill guidelines (Queensland 
Department of Environment and Heritage Protection, 2013).  
Depending on the size of active cell, it might take several weeks or months to traverse a cell 
with one layer of waste. Therefore, an intermediate cover may be used to cover waste in large cells 
where the next overlaying layer might not be laid for an extended period. Intermediate cover is a 
thicker layer of soil that provides greater long-term sealing of the uppermost waste layer. The 
objectives of intermediate cover are the same as daily cover i.e., controlling nuisances such as litter 
and odour and reducing infiltration of rainfall. Not all material used for daily cover is suitable for 
intermediate cover. A depth of 30cm is required for intermediate cover by many environmental 
protection agencies, e.g. US EPA, ISWA, Australia and Ireland EPA (Ir EPA, 2011; ISWA, 2010). 
The intermediate layer should be removed before placement of the new lift of waste. After a landfill 
cell is filled to capacity, a final cover is applied. The goal of final cover is to control leachate and 
gas emissions, avoid dispersal of waste, and prevent access of pests to the waste. A final cover 
allows biogas to be released from a landfill in a controlled fashion, such as through bio-filters, flares 
or gas engines. Similarly, a final cover allows control of moisture in a landfill, whether the aim is to 
eliminate or add water to the waste mass. 
 As shown in Figure 2-3, the airspace of a landfill is progressively filled with waste. Since 
landfills are usually designed to accept waste for a long period of time (Moeinaddini et al., 2010), 
most waste is only covered by daily or intermediate soil cover after disposal of in landfill.  If the 
MSW contains a large fraction of easily degradable organic material such as food, a large amount of 
landfill gas can be generated during the active phase of the landfill. In Australia, for example, 
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organic waste made up 72% of the waste that were sent to landfill in 2006-07 (Department of the 
Environment, 2010). 
 
 
 
Figure 2-3: Landfill is progressively filled lift by lift. During the active phase of landfill, waste 
is covered by daily or intermediate cover. Note that the final cover for the side slopes is not 
included, to allow visualisation of internal cells. 
 
 
2.3 Greenhouse gas emissions from landfill 
One of the main environmental concerns about landfilling is landfill gas emissions into the 
atmosphere (Levis & Barlaz, 2011; Miller et al., 2013; Niskanen et al., 2013). Landfill gas is a 
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mixture mainly composed of 45–75% CH4 and 25–50% CO2 (Amini & Reinhart, 2011; Mescia et 
al., 2011). Both are greenhouse gases, however, CH4 is of greater concern as its global warming 
potential is 25 times that of CO2 on 100 year timescale (Forster et al., 2007). Only CH4 is 
considered in IPCC landfill accounting models as a greenhouse gas (Börjesson et al., 2007). 
Worldwide, CH4 emissions from the waste sector comprised of municipal solid waste and 
wastewater is about 18% of global anthropogenic CH4 emissions with landfills being the main 
source (Bogner et al., 2008). Landfills are estimated to release between 35 and 69 Tg CH4 per year 
to the atmosphere (Huber-Humer et al., 2011). Moreover, Life cycle assessment (LCA) studies on 
waste management systems have shown that landfill gas emissions significantly contribute to the 
total GHG emissions from urban areas. For example, the greenhouse gas inventory in a city in 
Hokkaido revealed that the CH4 emissions from landfill comprised approximately 2.53% of total 
CO2-e emissions from the city (Ishii & Furuichi, 2013). It was estimated that landfills are 
responsible for 3-7% of total global CH4 emissions (Chanton et al., 2011b).  
 
2.4 Waste degradation processes in landfill 
The production of landﬁll gas is a consequence of biodegradation of the organic fraction of MSW. 
Solid waste in landfills decomposes by a combination of chemical and physical processes. The 
process of waste decomposition produces solid, liquid and gaseous by-products. The generated gas 
will tend to build up inside the landfill. However, diffusion and advection processes make the 
generated gas escape from the landfill (Sadasivam & Reddy, 2014).  
Municipal solid waste in a landfill undergoes a number of interrelated biological processes 
which commence soon after the placement of the waste. Landfills create unique microbial 
ecosystems that change with time and evolve through different decomposition phases. Five 
sequential phases based on microbial succession within the landfill can be considered: an aerobic 
phase, a transition phase, an anaerobic acid phase, a CH4 generation phase and a maturation phase 
(Gholamifard et al., 2008; Warith, 2003). The composition of leachate and gas in different phases is 
depicted in the Figure 2-4. 
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Figure 2-4: The change of gas composition during the course of waste decomposition in 
landfill, TVA: Total Volatile Acid modified (Pohland and Harper, 1986). 
 
 
Phase I: The process usually proceeds aerobically for a short period during which the main product 
gas is CO2. The aerobic process is depended on the O2 which was initially trapped within the pore 
spaces, as well as O2 that may migrate from the atmosphere into the waste medium and lead to a 
persistent aerobic zone within the top layers. This aerobic zone is thought to be confined to a depth 
of one metre from the surface of the waste (Bonany et al., 2013a).  
Phase II: The transition phase is a very short phase marked by the depletion of O2 and the 
commencement anaerobic degradation. In this phase the pH of the bed can drop due to the 
generation of organic acids (Warith, 2003).  
Phase III and phase IV: Two phases can be distinguished during the anaerobic decomposition of 
waste: an acid phases (phase III) and a CH4 generation phase (phase IV). Pockets of anaerobic 
activity can commence in waste as soon as it is landfilled and remain dominant until all degradable 
material has decomposed. Phase IV, the acid phase, is the first step of anaerobic degradation. The 
products of the acid phase are organic acids, hydrogen and CO2. The production of organic acid at a 
high concentration and CO2 result in the lowering of pH. The second phase of anaerobic 
degradation of waste in landfill is methanogenesis. In this phase the organic acids are consumed by 
acetoclastic bacteria and methanogens and H2 is consumed by hydrogenotrophic methanogens. This 
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process neutralises conditions in the landfill. Through this phase the production of CH4 remains 
steady at 40 to 70 % (v/v) of biogas for a couple of years (McBean, 1995).  
Phase V: the maturation phase is the last phase of the landfill degradation process. This phase start 
after the biodegradable organic material is converted to CH4 and CO2. In this phase the rate of CH4 
production decreases significantly and the leachate often contains humic and fulvic acids which are 
difficult to biologically degraded further (Tchobaboglous et al., 1993).    
 
2.5 The importance of landfill gas  
The National Greenhouse and Energy Reporting Act (NGER Act) 2007 was passed by the 
Australian Government in September 2007 to provide data and a method for accounting for 
greenhouse gas emissions and energy consumption and production. As a mandatory part of the 
annual reports in most industries, potent emitters of greenhouse gas have to report their yearly CH4 
emissions and therefore need a reliable estimation methodology. In addition to NGER Act 2007, the 
Department of Climate Change and Energy Efficiency published a series of guidelines which have 
been developed to assist corporations and stockholders with reporting of the greenhouse gas 
emissions from their section under the NGER Act 2007. Australian landfills with greenhouse 
emissions (CO2-e) more than 10 kiloton a year are required to report GHG emissions. Landfill 
operators in Australia must quantify landfill gas emissions using prescribed models.  
 On the other hand, LFG is a biomass fuel which can be used for electricity generation, a 
source of heat or a feedstock for methanol production (Johari et al., 2012). Interest in the use of 
biogas as a vehicle fuel and in fuel cells has also increased (Ryckebosch et al., 2011). The use of 
LFG depends on its energy content. The calorific value of LFG is diluted by the presence of CO2 
(Townsend et al., 2015). Alternatively, landfill gas can be upgraded by removing CO2 (Rasi et al., 
2008). The upgraded gas can be used in vehicles or fed into the national gas grid (Starr et al., 2015). 
2.6  Measurement of landfill gas generation 
The rate of Landfill gas production is measured for the purpose of either greenhouse gas emission 
inventory required according IPCC guidelines or for the estimation of potential CH4 recovery from 
landfill as biomass energy. The total production rate of landfill gas is equal to the emission rate plus 
the rate of landfill gas extraction assuming no leakage to ground or accumulation in the landfill and 
the amount of CH4 that oxidized in soil cover. The measurement of extracted landfill gas is 
straightforward and well established. The measurement of emission from the surface of a landfill is 
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complex and the topic of extensive research (Goldsmith Jr et al., 2012; Rachor et al., 2013; 
Sormunen et al., 2013; Börjesson et al., 2009b; Chakraborty et al., 2011; Di Bella et al., 2011; 
Scharff & Jacobs, 2006). 
 
2.6.1 Direct methods for measuring CH4 emission 
There is a range of methods for directly measuring emissions from landfill. However, comparison 
studies have shown estimated CH4 fluxes depend on the measurement method. There is conjecture 
on the most reliable method for measuring CH4 flux from a landfill surface (Borjesson et al., 2000; 
Spokas et al., 2003). There are no methods approved by the IPCC for directly measuring CH4 
emissions.  
Direct measurement techniques can be divided into surface emission methods and mass emission 
methods. Examples of each method are shown in Figure 2-5. The US EPA recommends to use 
VRPM (Vertical Radial Plume Mapping Method) to measure the fugitive emissions from landfill 
(US EPA, 2007). This method however is expensive and generally not accessible. However, 
emerging low cost and field-implementable instruments has led to development of a number of new 
fugitive and area source measurement approaches that can be used to measure the gas emissions 
from landfill at relatively low cost (Foster-Witting et la., 2015). The most commonly used method 
for emission and CH4 oxidation studies reported in the literature is the static chamber method, also 
known as the flux chamber method.   
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Figure 2-5: An overall classification of direct CH4 measurement methods, adapted from 
Veolia (2011) 
 
The static chamber method consists of trapping biogas emissions as they leave the surface of 
landfill. The technique is low-cost, in terms of equipment, and simple to operate but extremely time 
and labour intensive. The method provides some insight into the distribution of gas emission at 
surface of landfill, and the result of studies can be compared because the method has been used 
widely (Bogner et al., 1997). The static chamber consists of a sealed box that is put on the landfill 
surface. The increase of the CH4 concentration in the box over time is measured (Figure 2-6). From 
the change in concentration (C) of CH4 and using Equation 2-1 the flux of CH4 can be calculated. 
 
F =  
V
A
(
dC
dt
) 
Equation 2-1 
 
Where F is the CH4 flux (g/m
2
/day
1
), V is the volume of the chamber (m
3
), A is the area of the box 
(m
2
) and dC/dt is the rate of change of CH4 concentration in the chamber (Hegde et al., 2003).   
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Figure 2-6: Static chamber that is commonly used to measure the flux of CH4 emission 
from a landfill surface (Abushammala et al. (2012). 
 
A major issue with the static chamber method is that the landfill-to-atmosphere gradient in 
CH4 concentration decreases as CH4 accumulates in the box. This results in an underestimation of 
the CH4 flux (Heinemeyer & McNamara, 2011). Forbrich et al. (2010) showed that CH4 
accumulation in a chamber has a significant effect on the CH4 flux to atmosphere. In order to 
achieve a more accurate CH4 measurement, a dynamic chamber instead of static chamber can be 
used. An open chamber is used to take dynamic measurements. The flux is calculated through 
simultaneous measurement of in-flow and out-flow while maintaining the pressure within the 
chamber at ambient levels. However, in comparison to the static chamber, the method is expensive 
and needs to access a permanent source of electricity to run the equipment which makes it very 
difficult to be used in remote areas and therefore the method has been rarely applied.  
Although the chamber methods are simple and inexpensive, these methods have a number of 
disadvantages. The first and most important is that the CH4 from landfill is very heterogeneous with 
different hot-spots and therefore there it is likely that ‘hot-spots’ for CH4 emission would be missed 
without using prior knowledge in a surface emission survey. Moreover, the method is very time and 
labour consuming (Di Bella et al., 2011).  
2.7 Landfill gas models 
Several models that describe CH4 generation in landfill are presented in the literature. Models have 
been developed to either estimate greenhouse gas emissions from landfill or design the CH4 
collection system. With regard to the CH4 emissions measurement and reporting, statutory 
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stipulated models based on the IPCC methodology must be used to achieve international 
consistency in emission estimates and to compare these estimates with international commitments 
(NGERS, 2014). In terms of estimating CH4 generation rates for the design of biogas collection 
systems, most industries rely on simple models that are tuned to gas collection data and are 
therefore specific to one landfill (Amini et al., 2013; Kim & Townsend, 2012; Thompson et al., 
2009). Kamalan et al. (2011) reviewed available landfill gas models and categorized them into three 
groups: 1) models which consider the processes of anaerobic degradation including the stages of 
hydrolysis, acidogenesis and methanogenesis in order to model CH4 generation from a certain mass 
of waste; 2) models in which the landfill gas generation is calculated using an simple function with 
default or calibrated parameters; and 3) machine learning models such as artificial neural networks 
and fuzzy models (Garg et al., 2006b; Ozcan et al., 2006; Ozkaya et al., 2007) that reproduce the 
CH4 emissions from previous calibration efforts, although this group of models is similar to group 2 
but with different functions and methods for calibration.     
 Al-Yousfi and Pohland (1998) developed a model called PITILEACH to predict both 
leachate and biogas generation from landfill. In the biogas generation sub-model the sequential 
process of hydrolysis, acetogenesis and methanogenesis of anaerobic digestion was simulated to 
estimate the rate of CH4 generation. The model was successfully verified against two set of reported 
data. Another mathematical model was developed by El-Fadel et al. (1996) to estimate the CH4 
generation in landfill. In this model, three phases of anaerobic degradation were considered, each 
characterized by a different rate constant. Application of the model by El-Fadel et al. (1996) 
showed a relative good agreement with field measurements, however detailed data from a landfill 
was required including geometric constants (e.g., depth of cover layer, depth of waste layer, average 
landfill density) and waste characteristics (e.g., waste density, moisture content, temperature and 
porosity) and a wide range of other parameters such as heat and gas transport parameters as well as 
initial conditions for all state variable in the model. Lamborn (2012) developed a simple model 
based on all processes that occur during anaerobic digestion. This simpler model requires fewer 
parameters and makes it possible to be used by landfill operators. 
A number of models based on zero, first and second order functions that can be used to 
simulate landfill CH4 generation. SWANA (1997) compared zero order and two types of first order 
models. These models were evaluated against gas recovery data from 18 U.S landfills. The result of 
this study showed that a simple first order model correlated most closely to the data in all cases 
based on plots of CH4 production data versus model predictions. In the study of Oonk and Boom 
(1995) compared first order, multiphase first order and second order models. The results showed 
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that the multiphase first order model achieved the best fits followed by the second-order model and 
then the simple first ordered model. However, Oonk and Boom (1995) recommended first order 
models over second order or multiphase first order  models as the latter are more complicated and 
are not justified by a small increase in accuracy. It was also emphasized that the accuracy of 
multiphase first order model depends on the availability and quality of data about the composition 
of waste. Scharff and Jacobs (2006) compared different models, including simple and multi-phase 
first order model, and concluded that the generation of CH4 in landfill can be best described by first 
order decay (FOD) models. Thus FOD model is the most common used model and was recommend 
by both the US EPA (US EPA, 2004) and IPCC (IPCC, 2006).  
Among all landfill gas models, the LandGEM (US EPA) and the IPCC landfill gas models 
are most common used models. The LandGEM model is a FOD model based on two parameters, 
the ultimate CH4 generation potential, l0 (m
3
/ tonne of wet waste) and decay rate, k (/yr). lo depends 
on the waste composition and k is considered a function of moisture content, pH, temperature and 
the availability of nutrients (Amini et al., 2013). Equation 2-2 presents the LandGEM first order 
equation for CH4 generation modelling. 
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where Qn is the CH4 generation rate (m
3
/yr) in year n, k is the waste decay rate (/yr), l0 is the 
ultimate CH4 generation potential (m
3
/ tonne of wet waste), Mi is waste mass placement in year i 
(Mg), j is the deciyear time increment, and t is time (y) 
The IPCC (2006) model is also a FOD model, implemented by three different approaches: 
Tier 1, Tier 2 and Tier 3. Tier 1 methods are based on IPCC default data requiring only the mass of 
waste received by a landfill year to year. Tier 2 methods are based on the FOD equation but with 
national developed parameters such as degradable organic carbon. The key parameters in the model 
are the amount of degradable organic matter (DOCm) and first order decay rate, k (IPCC, 2006). 
Tier 3 methods are also based on the FOD equation with provision for k to be landfill specific and 
tuned according to gas emission and collection data.  
  In Australia, the National Greenhouse Emission Reporting Scheme (NGERS) provides a 
framework for estimating these emissions. All approved methods are based on the amount of waste 
disposed to landfill, with CH4 yields and degradation rates prescribed by the methodology. These 
methods are based on the IPCC FOD model (NGERS, 2014). 
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  Methods for directly measuring emissions from landfills have not been approved by the 
Australian regulatory authorities. Although CO2 is a greenhouse gas, it was said that CO2 from 
landfill has a neutral greenhouse effect owing to its biogenic origin (Polettini, 2012). Only CH4 
emissions are required to be reported and CO2, either generated directly by the landfill or by the 
combustion of CH4, is not considered a GHG emission (IPCC, 2006).  
2.8 Aerobic degradation processes in landfill 
Aerobic processes affect the rate of CH4 generation and the fate of generated CH4. The CH4 
potential of waste in a landfill can be consumed by CH4 oxidation and composting. CH4 oxidation 
occurs in the aerobic layer at the surface of a landfill where the concentration of CH4 and O2 are 
sufficient to support methanotrophic organisms (Czepiel et al., 1996). Composting is most likely to 
occur at the early phase of waste degradation, converting some fraction of the organic matter into 
CO2 (Bonany et al., 2013b). 
It has been shown that both aerobic and anaerobic processes exist along the vertical profile 
of a landfill bed, ranging from strictly anaerobic conditions in deep buried waste to highly aerobic 
conditions in the upper layers (Bogner et al., 1999). Heat budget studies have been used to identify 
aerobic processes in landfill. For example, Lefebvre et al. (2000a) established a 300L reactor to 
simulate waste degradation in the upper layer of freshly disposed waste in a landfill. The reactor 
was operated as a fed batch reactor, sequentially loaded with layers of fresh waste. The thickness of 
each layer was 10cm and a new layer was placed every 15 days. The waste bed was covered with a 
20cm layer of soil. They found that only 18.5% of the temperature rise within waste could be 
accounted by the consumption of O2 trapped within the waste and therefore concluded that most of 
the temperature rise was associated with O2 diffusing through the soil cover. Another study 
confirmed this finding (Bonany et al., 2013a).  
Figure 2-7 shows the profile of O2 concentration and temperature in the top layer of waste in 
a column by Lanini et al (2001b). The reactor was configured with 300L of waste placed in a 
column 90 cm in height and 85 cm in diameter. Waste was covered with a 20 cm soil cover. 
However, despite measuring O2 through the waste bed, Lanini et al. did not attempt to quantify the 
extent of aerobic degradation.   
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Figure 2-7: The profile of O2 concentration and temperature at top layer of waste (Lanini et 
al., 2001b) 
 
 Evidence that O2 penetrates through the soil cover into the waste layer has also been found 
in field studies. Bogner et al. (2011) measured landfill gas emissions at three phases in the life cycle 
of landfilled waste, namely the phase with no cover, daily cover and intermediate cover. This study 
showed that exposed waste and waste with a thin daily cover produced the highest CO2 and N2O 
fluxes which indicated the highest level of aerobic activity occurred during these early phases.      
These observations revealed that aerobic processes significantly contribute to biogas 
emissions from active landfills. However, studies to measure the rate and extent of aerobic 
degradation process in shallow landfilled waste at this stage are limited. O2 that penetrates into the 
landfill can be utilised by composting organisms or methanotrophs 
 Pommier et al. (2008) studied the effect of a short term (15 days) aerobic process on the 
degradation of rapidly (e.g. food) and slowly (e.g. paper and cardboard) biodegradable waste. The 
results of this study showed that after 15 days of aerobic activity, 3-23% of the ultimate BOD of the 
paper/cardboard fraction was consumed and that about 60% of the food and yard waste fraction was 
consumed. Studies on temperature rise in freshly disposed waste revealed the importance of 
composting in the early phase (Bonany et al., 2013c; Lanini et al., 2001a; Lefebvre et al., 2000b).  
 
2.8.1 CH4 oxidation 
Numerous studies have demonstrated CH4 oxidising activity in the soil cover of landfills (Berger et 
al., 2005; Chanton et al., 2007; Chanton et al., 2009a; Kallistova et al., 2005; Kightley et al., 1995; 
Sadasivam & Reddy, 2014; Scheutz et al., 2009). Methanotrophic bacteria use CH4 as a source of 
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carbon and energy and produce CO2 and water. In general methanotrophs bacteria are divided into 
two types: Type I including the genera Methylococcus, Methylomicrobium, Methylobacter and 
Methylomonas, all members of the family Methylococcaceae; and Type II which includes the 
genera Methylosinus and Methylocystis (Scheutz et al., 2009). 
 Several factors affect the rate CH4 oxidation in landfill, among them, soil texture, 
temperature, soil moisture content, CH4 and O2 supply and nutrients (Sadasivam & Reddy, 2014). 
De Visscher and Van Cleemput (2003) showed that soil temperature and moisture are two important 
factors in the kinetics of CH4 oxidation. A latter study carried out by Spokas and Bogner (2011) 
revealed that moisture and temperature interact to influence the CH4 oxidation rate. The effect of 
CH4 oxidation on landfill CH4 emission was recognized in the 1990s. Czepiel et al. (1996) 
conducted a study to quantify the potential of aerobic microorganisms to oxidize the CH4 in landfill 
cover soils. In that study CH4 oxidation potential was investigated by changing temperature, 
moisture content, CH4 concentration, cover soil depth and the O2 concentration of samples. The 
study of Czepiel et al. (1996) showed that the CH4 oxidation rate decreased significantly in low 
moisture samples and also in samples with moisture above an optimum level. Similarly, an 
optimum temperature was also identified for methanotrophic activity (Spokas & Bogner, 2011). 
Chanton et al. (2009b) reviewed reports from more than 40 landfills and reported a mean extent of 
CH4 oxidation of 36±6%, based on either isotopic analyses or on measurements of CH4 
concentrations at the base of the soil cover and CH4 fluxes at the surface. These methods are 
explored further in the following section. Also, efforts have been made to improve the conditions 
for CH4 oxidation in landfill cover, such as applying mature compost and biochar as bio-cover 
materials (Chi et al., 2012; Reddy et al., 2014). Currently, the default value for the extent of CH4 
oxidation in landfill covers according to the IPCC is between 0-10% of uncollected CH4 (IPCC, 
2006) and to the USEPA a value between 10-35% (USEPA, 2013).  
2.9 Methods to measure the rate CH4 oxidation and composting in landfills 
2.9.1 Methods to measure the rate of CH4 oxidation 
 Three techniques that are widely used to measure the fraction of CH4 that is oxidized in landfill 
cover are: carbon stable isotopes method, a mass balance approach and a [CH4]:[CO2] profile. 
 
Carbon stable isotope method 
The carbon stable isotope method has been used by several authors in order to estimate the rate of 
CH4 oxidation (Chanton & Liptay, 2000; De Visscher et al., 2001; Kightley et al., 1995; Liptay et 
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al., 1998b; Spokas & Bogner, 2011). There are two stable isotopes of carbon: 
12
C which is the most 
abundant stable isotope (99%) and 
13
C which comprises 1% of stable carbon isotopes (Fry, 2006).  
Estimation of the rate CH4 oxidation is based on a change in the abundance of 
13
C-CO2 
relative to 
12
C-CO2, or similarly a change in the abundance of 
13
C-CH4 relative to 
12
C-CH4, as a 
result of the CH4 oxidation reaction. It has been demonstrated that methanotrophs preferentially 
consume the lighter and more abundant form of CH4 (
12
C-CH4), which leads to enrichment of 
residual CH4 in 
13
C (Chanton & Liptay, 2000). This is in contrast to the composting process in 
which the generated CO2 contains a similar abundance of 
13C (δ13C) to the organic matter from 
which it is produced (Lapham et al., 1999)). On average, organic matter has a value of δ13C= -25‰ 
(Abichou et al., 2006). However, the δ13C of CH4 in raw biogas is a value between -50‰ to -60‰ 
whereas this value in emitted CH4 generally is between -30‰ to -50‰ (Chanton et al., 1999). This 
isotopic method for estimating the rate of CH4 oxidation assumes that CH4 oxidation is the only 
process that contributes to change in isotope ratios. The fraction of CH4 that is oxidized (%) is 
calculated using Equation 2-3 (Liptay et al., 1998a): 
 
( ) 1000
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ox tran
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Equation 2-3 
 
 
where of  is the fraction of CH4 oxidized (%), δA is the δ
13
C in CH4 of raw the biogas (anaerobic 
zone); δE is the δ
13
C-CH4 of the emitted gas; oxa is the isotope fractionation factor due to 
methanotrophic activity; and trana  is the isotope fractionation factor due to transport of CH4 through 
the oxidation zone. 
  
Mass balance method 
The mass balance approach estimates the rate of CH4 oxidation by comparing the flux of CH4 at the 
bottom of the CH4 aerobic layer to the flux of CH4 at the surface of the CH4 aerobic layer. 
However, it is always impossible to measure the flux of gas at the bottom of the aerobic layer 
without disturbing the cover. Christophersen et al. (2001) developed a formula to estimate the flux 
of CH4 at the bottom of an aerobic layer as a function of the flux of CH4 measured at the surface of 
the landfill:   
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where Fb is the flux of CH4 at the bottom of the aerobic layer; 
4 2, ,
,CH top CO topF F are the fluxes of CH4 
and CO2 at the surface; and  
4 2, ,
,CH b CO bC C are concentrations of CH4 and CO2 at the bottom of 
aerobic layer. 
 The difference between the flux of CH4 at the bottom of the aerobic layer and at the surface of the 
aerobic is attributed to CH4 oxidation. This method is widely used as it is easy to implement using 
static chamber measurements (Abichou et al., 2006; Abushammala et al., 2013; Bogner et al., 2011; 
Börjesson et al., 2009; Christophersen & Kjeldsen, 2001). 
 
CO2:CH4 method  
This method is based on the change in the ratio of CO2:CH4 at a particular depth and at the surface 
of a landfill. Consumption of CH4 and the production of CO2 as a result of the CH4 oxidation 
process lead to an increase in the ratio of CO2:CH4 as biogas migrates through the aerobic layer. 
The percentage of CH4 oxidation can be calculated using Equation 2-5 (Gebert et al. (2011b)).   
 
 
where x = fraction of oxidized CH4 (vol.%); CH4_LFG = CH4 concentration of the landfill gas at the 
surface (vol.%); CO2_LFG = CO2 concentration of the landfill gas at the surface (vol.%); 
CH4_i = CH4 concentration at depth i (vol.%); and CO2_i = CO2 concentration at depth i (vol.%). 
 
2.9.2 Methods to measure the rate of composting 
Rower et al. (2013) who used the stable isotope technique to measure the CH4 oxidation rate in 
incubated landfill soil, also estimated the rate of concurrent soil composting from a CO2 balance, 
knowing the rate of CH4 oxidation. Einola et al. (2008) and Scheutz et al. (2011b) used a mass 
balance method to quantify the rate of CH4 oxidation in landfill biocover after the rate of 
composting was measured in a separate conrol column. In this research, it was assumed that the 
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aerobic processes were confined to compost cover and there are no anaerobic pockets in aerobic 
layer. 
2.10 Conclusions   
   
The literature has demonstrated that the current conceptualizations of entire landfill cells are limited 
to assuming strictly anaerobic conditions within the waste layers of a landfill and an aerobic soil 
cover where the generated CH4 is either partially or wholly oxidized. It is proposed in this thesis 
that O2 might migrate into the waste layer and that CH4 oxidation, composting and anaerobic 
digestion might simultaneously occur in upper zone of the waste layer.  
Limited research has been performed on fresh waste degradation in packed beds exposed to 
air at the upper surfaces. To our knowledge, no research has been performed to determine the 
possible extent that waste might degrade aerobically under this condition. The aim of this study is to 
measure trends in biogas emissions and O2 consumption in packed beds of waste and from this data, 
determine the extent that CH4 potential of the waste is degraded by CH4 oxidation and composting.  
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3  CHAPTER 3: Material & Methods 
 
 
 
 
 
 
3.1 Introduction 
The experiment was conducted at Centre for Solid Waste 
Bioprocessing (CSWB), The University of Queensland. Two sets of 
experimental studies were performed in this thesis. The first set of 
experiments was done at bench scale in 250ml reactors. The methods 
and waste used in these experiments are described in detail in chapter 
4. The main part of the thesis was performed on four 200L reactors. 
This chapter describes the 200L reactors including the equipment and 
control system and the methods used to collect and sub-sample MSW 
used in the reactors.  
The 200L reactors were operated as respirometers, to measure 
both aerobic and anaerobic degradation processes in a shallow bed of 
waste exposed to atmosphere at the upper surface, to simulate the 
upper layer of newly placed waste in an active landfill. The reactors 
were loaded with fresh MSW collected from the Swanbank landfill, 
near Ipswich, Queensland, Australia. The MSW bed in each reactor 
was subjected to a different treatment to simulate a broad range of 
conditions near the surface of an active landfill cell.   
The methods for waste collection and sub-sampling, the reactor 
set-up and operation for the 200L reactors, and the methods of 
measurement and compositional analysis for both the bench scale and 
200L experiments are described below.  
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3.2 Fresh waste collection and preparation    
Fresh municipal solid waste (MSW) was collected from the working face of the Swanbank landfill, 
near Ipswich, Queensland, in one field campaign in September 2014. Around 400 kg of waste was 
taken from the working face of the landfill. MSW was extracted in random grabs from waste piles 
using shovels and forks and placed in fifteen 120L plastic drums. 50 kg of soil used for daily cover 
was also collected and stored in one drum.The collected soil was analysed in the laboraty and 
determined to be silty loam.The plastic drums were equipped with lids and snap locks to keep the 
lid tightly in place. The loaded drums were transferred to the solid waste laboratory and stored in a 
walk-in cold room at -20
o
C. The MSW was shredded using an tub ginder (Wood Mulching 
Industries Pty Ltd) and to a size between 5-10cm. The shredded waste was stored at -20
o
C until it 
was loaded to the reactors on 27 November 2014.  
 In addition to collecting MSW from the Swanbank landfill, 50 kg of the soil stockpile that 
was being used as daily cover was collected and stored at -20
o
C. 
 
3.3 Waste characterization 
 
The shredded MSW loaded to each reactor was seperately sampled and analysed. The shredded 
MSW was sampled by randomly grabbing handfuls of waste as a reactor was loaded. 
Approximately 2kg of shredded MSW was collected as each reactor was loaded.     
The Total Solid (TS), Volatile Solid (VS), Chemical Oxygen Demand (COD) and 
Biological Methane Potenial (BMP) of the waste loaded to each reactor was determined as follows: 
TS and VS: TS and VS determination followed the standard methods (Method 2540 G, APHA 
(1998)). The TS was determined by drying 2 kg of waste sample in an oven (model OWF24, 
LABEC manufacturer) at 105
o
C for 12h. The weight of the sample before and after drying was 
measured (scale model: PA64C, OHAUS). The weight lost during drying was taken as the moisture 
content (MC) and the weight remaining was taken as the TS content. 
Hard inert particles such as stones and glass were removed from the dried sample. The 
remaining oven-dried sample was finely shredded to <5mm (Kitchenaid, model AER1) for VS 
determination and BMP assays. For VS determination, five 5g samples of finely shredded waste 
were placed in a muffle furnace (Model N759, S.E.M manufacturer) at 550
o
C for 2h. The weight 
lost in the furnace was taken as the VS content and the weight of the residual ash was taken as the 
ash content of the sample.    
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BMP assay: The BMP assay was performed as described in (Lay et al., 1999). The inoculum used in 
the BMP assays was 2% TS digested sludge from the Luggage Point wastewater treatment plant, 
Brisbane. 3.5 g of the finely shredded waste was mixed with enough volume of inoculum in a serum 
bottle (245 ml) to achieve a ratio of 3:1 of inoculum to substrate (VS/VS). The bottle was then 
purged with N2 and incubated at 35
o
C until biogas production was exhausted, a period of 5 to 6 
weeks. The assays were performed in triplicate. A blank assay containing the inoculum only was 
performed in triplicate and a positive control containing the inoculum and 1g of cellulose was 
performed in duplicate. CH4 concentration was measured daily during the first two weeks, and then 
every 2 or 3 days. The concentration of CH4 was measured with a Perkin Elmer GC. The pressure 
of headspace was measured by Omega gauge (Omega-model DPG 1001B-15G) and temperature 
was measured by an infrared thermometer (Testo-model 830-T1). The daily volume of CH4 
generation was calculated using the ideal gas law. The modified Gompertz model was fitted to the 
plot of cumulative CH4 against time, to estimate the BMP (ml CH4/ g VS) value for each sample. 
The modified Gompertz equation is: 
 
 
exp{ exp[ ( ) 1]}m
R e
M P t
P


      
Equation  3-1 
 
where 
M= Cumulative CH4 production (ml/g VS) 
P: BMP (ml/g VS) 
Rm: Maximum CH4 production rate (mlCH4/g VS d) 
λ: Duration of lag phase (day) 
t: Time at which cumulative CH4 production was calculated 
The resulting BMP values were corrected for CH4 attributed to the inoculum by subtracting the 
averaged blank control CH4 yield volume. 
 
3.4 Reactors set-up 
The stainless steel reactors were originally designed for a Ph.D. thesis experiment conducted at the 
University of Queensland by Chugh (1996). A schematic sketch of a reactor is shown in Figure 3-1. 
The reactors were 135cm high and 47cm in diameter, with a total volume of 220L. A stainless steel 
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mesh false floor was positioned 35cm from the base, in the straight section of the column such that 
the waste bed supported by the mesh had a constant cross-section. The conical void beneath the 
false floor served as a leachate sump. A stainless steel leachate distributor was attached to the 
underside of the reactor lid. The distributor consisted of four 22cm arms with 36×2mm diameter 
holes along each arm. The leachate was fed to this distributor from the leachate sump using an in-
line peristaltic pump (Cole Parmer MasterFlex driver model 07554-95 head: model 7518-00). 
Leachate was allowed to accumulate in the sump and was recirculated through the distributor 
weekly.   
The reactors were heated and maintained at constant temperature by 22m of 450W heating 
tape (Thermal Electric Elements, SS Braided Heat Trace) wrapped around the reactors. The reactors 
were covered with 50mm thick aluminum foil faced mineral wool insulation sheet. The heating tape 
was regulated (thermo-controller, Eurotherm 3216) to maintain temperatures at the tip of a 
thermocouple (ECEfast, TS-11P) positioned 10cm into the side of the waste bed and 15cm from the 
base of the bed, at ±1°C of the set point temperature.    
Each reactor had 4 side sampling ports located at 15 cm intervals along the length of the 
column. A two-way stopcock valve was connected to each port in order to collect gas samples using 
a gas-tight syringe. Each sampling port was connected to a stainless steel tube that extended to the 
centre of the reactor. The tube had three slits at 10cm intervals and was blanked at the end, to 
collect a gas sample representative of the bed cross-section at that depth.  
Each reactor was operated as a respirometer by flushing the headspace of the reactor with air 
at regular intervals. The measurement of CO2 and CH4 in the outlet gas and the measurement of O2 
in the inlet and outlet gas are described below. Air was supplied to the reactor through a valve in the 
lid of the reactor. The air displaced headspace gas through another valve also positioned in lid 
(Figure 3-1). Although some short-circuiting of air will have occurred, sufficient flushing occurred 
to ensure the residence time of headspace gas was insignificant compared to the total waste 
degradation time, as detailed below. The displaced headspace gas was saturated at the set-point of 
the reactor (38
o
C) and flowed through a coiled section of stainless steel tubing attached to the outlet 
valve, to cool the gas towards laboratory ambient temperature (25
o
C) and induce most condensation 
within the coil before the gas flowed to the downstream gas analysers. Condensate within the coil 
flowed back into the reactor. The bottom of the condensing coil protruded through a shallow bucket 
that surrounded the coil and contained water that wicked through a cloth jacket around the coil. 
Evaporation from the jacket provided extra cooling to the coil.  
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Before waste was loaded to the reactors, each reactor was tested for air tightness and proper 
seals around all sampling ports by pressuring the reactor to 5 KPa and monitoring 6h for any loss in 
pressure.   
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Figure 3-1: Schematic of reactors with fitted equipment 
3.5 Operation system for control and data logging  
A central operating system was used to set the air flow rate and switch air flow from one reactor to 
the next, with each reactor flushed for 15 minutes at an air flow rate of 3.32 L/min in an hourly 
cycle. Air flow was switched from one reactor to the next by eight solenoid valves, one on the inlet 
and outlet lines of each reactor. The length of common gas line leading to the sensors was 
minimised to reduce crossover of gases when calculating CO2 and CH4 production and O2 
consumption for each reactor. The operating system also logged data from the upstream and 
downstream gas analyser sensors, the downstream gas flow meter and the thermocouple in each 
reactor. A schematic diagram and photograph of the experiment setup are shown in Figure 3-2 and 
Figure 3-3.  
 
 
  
Figure 3-2: Schematic picture of the operation control and data logging system. 
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Figure 3-3: Hardware used in the operation system: 1) Air pressure regulator 2) Mass Flow 
Controller 3) O2 Sensor 4) Solenoid valves controlling air flow to reactors 5) Solenoid 
valves controlling biogas from reactors 6) CH4 sensor 7) CO2 sensor 8) O2 Sensor 9) Wet 
flow meter 10) Data acquisition box 11) Host computer. White arrow shows the route of air 
flow travelling to the reactors and red arrow shows biogas from the reactors 
 
3.5.1 Instruments for on-line analyses and measurement  
Figure 3-3 and Figure 3-4 show the control system of the reactors. The following instruments were 
used in the operating system: 
a) Data acquisition system: The data acquisition and operation control system consisted of a 
National Instruments cRIO-9074 data acquisition device and LabVIEW software (National 
Instrument, Australia). Figure 3-4 shows the design of the data acquisition box. Five 
different NI cDAQ (compact data acquisition) modules were included in the DAQ chassis to 
communicate with instruments. The name of the cDAQ modules used and the corresponding 
instruments being measured or controlled are described in Table 3-1. The NI cRIO DAQ 
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device was powered by a 24V power supply. The DAQ device connected to the host 
computer via an RJ45 network cable. 
 The cDAQ modules were programed by the UQ Instrumentation Support Group using NI 
software, LabVIEW, to process all electrical signals into readable values and monitor the sensor 
measurements. The software also allowed the user to define the flow rate of air into each reactor, 
the frequency of data logging and the setting for sequencing of headspace flushes among the 
reactors.  
 
 
 
Figure 3-4: Data acquisition box: 1) Power supply (12 and 24 V) 2) Safety fuses 3) cRIO-
9074 data acquisition chassis and cDAQ modules 4) wet flow meter SUP 5) cDAQ NI9265 
6) cDAQ NI9203 7) cDAQ NI9870 8) cDAQ NI9871 9) cDAQ NI9478 
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Table 3-1: Compact DAQ modules and the corresponding instrument being 
measured/controlled 
cDAQ module Instrument being measured or controlled 
NI 9265  Control gas flow (Burkert MFC) through 4-20mA output current  
NI 9203 Measure gas flow from Burkert MFC through 4-20mA input current  
NI 9870 RS232 communication with BlueSens gas analyser   
NI 9871 Measure temperature through RS485 communication port 
NI 9478 Control Solenoid valves through digital output relays 
 
 
 
b) Mass Flow Controller (MFC): A Burkert 8710 MFC (Burkert Australia, Sydney) and 2 
way solenoid valves (Burket 0330) were used to control airflow to the headspace of reactors. 
The MFC was calibrated for STP conditions by the manufacturer. A correction factor was 
used to express flow measurement in terms of normal volumes.  
c) Gas analyser sensors: Two O2 sensors (BCP-O2, BlueSens, Inc., Germany), one CH4 
(BCP-CH4, BlueSens, Inc., Germany) sensor and one CO2 sensor (BCP-CO2, BlueSens, 
Inc., Germany) were used in operating system (Figure 3-2 and Figure 3-3). The CH4 and 
CO2 sensors contained an infrared light source and a detector that measured the CH4 and 
CO2 content from 0 to 100 Vol% and 0 to 50 Vol% respectively. The O2 sensor consisted of 
an electrochemical cell that measured O2 content from 0.1 to 25 Vol%. The sensors had a 
pressure compensation function that eliminated the effect of gas flow on concentration 
readings. The sensors were calibrated once every two weeks. The CH4 and CO2 sensors 
were calibrated with N2 (zero point with 0.00 % CH4 and CO2, BOC). The O2 sensors were 
calibrated using ambient air (1point calibration with 20.8% of O2). 
 
d) Wet flow meter: A Shinagawa wet flow meter (Model WSDa-1A) equipped with an SUP 
digital counter was used to measure the gas flow from each reactor. Although air flow to the 
reactors was controlled, the flow rate of outlet gas consisted of both air and product gas. The 
flow of outlet gas was therefore expected to be greater. The flow meter arrived calibrated 
from the manufacturer.  
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3.6 Off-line analyses 
3.6.1 Gas analysis and isotope measurement  
Readings from the online gas analysers were compared every two weeks with parallel analyses 
using the following gas chromatographs:  
O2: O2 was measured using a Shimadzu G8 equipped with a TCD and a 2.1 m long Molsieve 5A 
column at 80/100 mesh. The column and injector temperature was 60 and 150
o
C respectively. 
Argon was used as carrier gas.  
CH4 and CO2: CH4 and CO2 were measured using a Shimadzu G8 gas chromatography equipped 
with FID. The GC was fitted with a 2m packed Shincarbon ST column at 100/120 mesh. Nitrogen 
was used as the carrier gas. The column and injector temperature were set at 140 and 390 
o
C 
respectively. The FID GC was calibrated for two ranges, 0-10000 ppm and 1-70%. The GC was 
operated with a LabSolution software packages.  The GC was equipped with a methanizer to 
measure CO2. 
For the BMP assays, CH4 and CO2 were measured using a Perkin–Elmer GC-TCD (AutoSystem 
GC, Perkin–Elmer, Waltham, MA, USA). This GC was equipped with a 2.44 m stainless steel 
column (Haysep at 80/100 mesh). The injection port temperature was set at 75 °C, the oven 
temperature at 40 °C and the detector at 100 °C. High purity nitrogen was used as the carrier gas at 
a flow pressure of 50 kPa. All GCs were calibrated against the standard gas obtained from BOC 
(BOC, Australia) with R
2
>99.99. 
  The 
13
C
 
isotope in CH4 and CO2 was measured in Stable Isotope Geochemistry Laboratory 
using an Isoprime GC-c-IRMS. Each sample was analysed in triplicate with 3 X 30ul injections per 
analysis using a 20:1 split. The system was calibrated using a 50:50 CH4: CO2 standard gas mixture 
and a pure CH4 standard, along with CO2 evolved from international carbonate standards NBS18 
and NBS19. 
 
3.6.2 Solids analyses 
Chemical Oxygen Demand (COD): The COD of fresh waste and digestate for each reactor was 
measured using potassium dichromate/sulphuric acid method based on Standard Methods 5220D 
(APHA, 1998) with Merck Spectroquant® COD test kits (Cat No. 114540, ranging 10-150mg/L 
and Cat No. 114541, ranging 25-1500mg/L). For each measurement, about 5-10 g of dry sample 
was added to a 1L graduated beaker and enough distilled water was added to make up to 1 litter. 
The slurry was then stirred for around 15 minutes. Ten 1 mL samples of this slurry was sampled 
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randomly and added to Merck Spectroquant
®
 COD test vials where it is oxidised by sulphuric 
solution of potassium dichromate and silver sulphate (catalyst). The vials were incubated at 148°C 
for 2 hours. After cooling down, the concentration of Cr
3+
 was determined using a 
spectrophotometer (Merck, SQ 118) to reflect the COD concentration. Each COD measurement was 
performed on ten replicates. 
 
3.7 Conclusion 
A reactor system was developed to continuously monitor the rate of CH4 and CO2 production and 
O2 consumption in packed beds of waste exposed to air at the upper surface. A mass balance model 
will be presented in the following chapter, based on these production and consumption rates, plus 
off-line measurements of the rate of 
13
C-CO2 production.       
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4 CHAPTER 4: Development of mass balance model 
A mass balance model to quantify simultaneous aerobic 
and anaerobic processes in active landfill cells 
 
4.1 Abstract 
The objective of this study was to develop and validate a mass 
balance model to estimate the simultaneous rates of anaerobic 
digestion (rAD), CH4 oxidation (rOX), composting (rCOM) in a 
packed bed of waste with the surface exposed to atmosphere, a 
configuration that represents freshly laid waste in a landfill subject 
to O2 ingress through a bare surface or a temporary daily cover. 
The proposed model is a steady state mass balance on the gaseous 
components CH4, CO2, O2 and the stable isotope 
13
C-CO2 over a 
control volume with the net flux of these components in or out of 
the control volume as inputs and the three reaction rates, r (= rAD, 
rOX, rCOM), as fitting parameters to the overdetermined set of 4 
mass balance equations. The model is applied to a blend of biogas 
from three separate known sources of gas: i) a bottle of laboratory 
grade 50:50% CH4:CO2 gas representing anaerobic digestion 
biogas; ii) a 0.25 L aerated reactor containing food to represent 
composting activity; and iii) a 0.25L bottle containing 
nondegradable graphite granules inoculated with CH4 to represent 
CHAPTER 4: 
Mass Balance Model 
 
4 
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methanotrophic activity. The stoichiometry of the composting and CH4 oxidation reactions was 
taken as the ratio of CO2 generation and O2 and CH4 uptake in the incubations. 11 incubations were 
performed to generate 11 biogas blends. r was calculated using the composition of the blended gas 
including the isotopic abundance δ13C-CO2 of the blended gas, and the known net O2 consumption. 
The coefficient of determination (r
2
) for observed versus modelled values of r were 1.00,0.97, 0.98 
when using the stoichiometry for each incubation and arithmetic summations of the 3 sources of gas 
to calculate net fluxes of CH4, CO2, O2 and δ
13
C-CO2. r
2
 deteriorated only slightly to 0.95, 0.96, 
0.87 when using the average stoichiometry from the 11 incubations demonstrating the model can be 
used with global stoichiometries. r
2
 deteriorated further to 0.86, 0.77, .074 when using the average 
stoichiometry and experimental measurement of the composition and volume of the blended biogas, 
demonstrating the model relies on accurate measurement of net fluxes.         
Keywords: Landfill, Aerobic processes, Composting, Mass Balance, Carbon isotopes  
 
4.2 Introduction 
The ingress of O2 into soil covers on landfill and CH4 oxidation in soil covers is widely studied. 
However, few studies have explored aerobic processes in the uppermost waste beneath soil covers, 
even though a number of authors have observed O2 penetration into landfilled waste (Kallel et al., 
2006; Lefebvre et al., 2000b; Yoshida et al., 2012). High concentrations of CO2 relative to CH4 that 
are widely observed from the surface of soil covers in active landfill cells (Abushammala et al., 
2013; Bogner et al., 2011) could be partially attributed to composting and CH4 oxidation activity 
within shallow waste in addition to CH4 oxidation in the soil cover.   
 Current methods to estimate the rate of aerobic processes in landfill have focussed 
exclusively on the extent of CH4 oxidation activity confined within the soil cover, with the waste 
bed underneath treated as a strictly anaerobic system. Three main techniques are used to measure 
the fraction of CH4 that is oxidized in a landfill cover: (1) a mass balance approach (Bogner & 
Spokas, 1993; Christophersen et al., 2001); (2) a stable carbon isotope method (Bergmaschi & 
Harris, 1995; Liptay et al., 1998b) and (3) the ratio of [CH4]:[CO2] (Gebert et al., 2011a). However, 
the two key assumptions in these approaches are (1) CO2 production from composting activity is 
insignificant when compared to that of CH4 oxidation; and (2) there exists two distinct zones of 
anaerobic and aerobic activity, where only CH4 oxidation occurs in the aerobic zone. Scheutz et al. 
(2011a) and Röwer et al. (2011) accounted for composting activity in their measurements of CH4 
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oxidation activity in organic rich soil by performing parallel aerated incubations of the soil without 
CH4.   
The aim of this paper is to develop and validate a mass balance model to estimate the rate of 
CH4 oxidation, anaerobic digestion and composting from the net flux of gas components from these 
combined processes. The validation was performed by generating or supplying biogas from three 
sources at known rates to represent simultaneous anaerobic digestion, CH4 oxidation and 
composting activity and attempting to back calculate the rates from the net generation or uptake of 
gas components in the blended gas.   
4.3 Materials and Methods 
A key assumption in the mass balance model is that the stoichiometry of each of the three reaction 
processes is stable. Although composition of biogas from a landfill cell will change with time, these 
changes are gradual and the assumption of stable yields for each degradation process over the 
duration of flux measurements (e.g., with a static chamber on the surface of a landfill) is adopted. 
In order to validate the model, stable sources of gas representative of each reaction process were 
required. This is readily achieved with composting where the product gas will be CO2 provided 
conditions are fully aerobic, regardless of the stage of decomposition of the waste. A stable CH4 
oxidation process can also be maintained by feeding CH4 to a methanotrophic culture supported on 
an inert substratum (Xie et al., 2015). Maintaining stable biogas production from the anaerobic 
digestion of organic waste is more difficult and not achievable in batch mode because faster 
fermentation processes would dominate before establishment of methanogenic activity 
(Nopharatana et al., 2003). A stable biogas from anaerobic digestion could be achieved with 
continuous operation; however this would still require careful maintenance of reactor conditions 
and feedstocks. A further complication was that anaerobic conditions could not have been 
maintained when the headspaces of the anaerobic digestion, composting and CH4 oxidation reactors 
were connected, as described below, to produce the blended gas. Therefore, a bottle of laboratory 
grade 50:50% CH4:CO2 gas was used as a source of anaerobic digestion biogas.            
4.3.1 Batch incubation experiments  
Batch incubations were performed to generate stable biogas from CH4 oxidation and composting 
processes. The composting incubations were conducted in 250mL serum bottles amended with 3.0 g 
of synthetic waste (Table 4-1), flushed with compressed air and sealed with butyl rubber septum (20 
mm thick) and aluminium crimps. The butyl septum allowed gas samples to be withdrawn or 
injected using hypodermic needles 22G and gas-tight syringes. An additional 100 mL of air was 
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injected to prevent establishment of anaerobic condition by providing excess O2. An initial sample 
of 10mL was collected to characterise O2 and possible background CO2 levels. 
 
 
Table 4-1: Composition of synthetic organic waste 
Composition  Weight (w/w, wet basis %) 
Vegetable Lettuce 
Cauliflower 
Cabbage  
Some peels of potato and onion 
20 
Fruit Banana 
Golden Apple 
Red Apple 
Orange 
30 
Food scraps Lamb meat 
Rice 
Macaroni 
Bread 
50 
 
 
These incubations were performed over 24 hrs at 25
o
C. All composting incubations were 
performed in duplicate.  
The CH4 oxidation test was performed using 3.0 g of 50:50% (w/w, dry basis) carbon 
granules and matured compost as supporting substrata (colonising surfaces) for methanotrophs. 
5mL of a nutrient solution with the following composition was added to the compost and granules: 
KH2PO4 (0.26 g/l), Na2HPO4•7(H2O) (0.62 g/l), (NH4)2SO4 (0.25g/l), FeSO4 (5mg/l) and 
CuCl2.2H2O (0.07 mg/l).   
 The headspace of the bottle was flushed with compressed air and sealed. 100mL of 
laboratory grade 50:50 CH4:CO2 (BOC) and 200mL of excess air was then injected to the bottle. 
Temperature, pressure and concentration of CH4, CO2 and O2 were tracked at initial (t=0hr) and 
final (t=24hr) times to calculate gas generation and consumption. The CH4 oxidation incubations 
were also performed in duplicate. 
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4.3.2 Blending of source gases 
To blend the source gases (i.e., the 50:50 % CH4:CO2 gas mixture and the product and residual 
reactant gases in the composting and CH4 oxidation reactors), the headspace of the 250ml bottles 
were connected in parallel via Tygon MasterFlex tubing (ID 0.6cm and total length 57cm) with 
each bottle headspace readily isolated by a two-way valve (Figure 4-1). The volume and 
composition of each headspace was characterised before the headspaces were mixed. 
 
 
Figure 4-1: Set-up to mix source gases. 
 
To ensure that the gas from the three processes was thoroughly mixed, the two-way valves 
for each bottle were opened and a 200mL syringe was used to drive gas movement into each bottle 
headspace by drawing and pushing the plunger several times. A one hour time period was used to 
allow the combined headspace to reach an equilibrium state, and then the pressure, temperature and 
composition of the mixed gas were measured. The entrained O2 in the connection tubes was 
accounted for in the calculations. 
4.3.3 Experimental Plan 
In order to validate the model, the model was applied to 11 gas blends generated by 11 sets of 
composting and CH4 oxidation incubations blended with the 50:50 CH4:CO2 gas. Separate to this, 
40 composting incubations and 33 CH4 oxidation incubations were performed to determine 
stoichiometric coefficients for the composting and CH4 oxidation processes. These values, 
determined independently from the incubations to which the model was applied, were tested in the 
model to see if global stoichiometries for composting and CH4 oxidation reactions could be used in 
the model.           
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4.4 Analysis methods 
For molecular gas composition monitoring, samples were analysed using a Shimadzu GC-8A FID 
with 100/120 mesh ShinCarbon 73 ST micropacked column for CH4 and CO2 and a Shimadzu GC-
8A TCD with 80/100 mesh Molecular Sieve 5A column for O2 and N2. Calibrations for both GCs 
were performed using external gas standards (BOC).   
Headspace temperatures were measured by an infrared thermometer (Testo-model 830-T1), 
and the pressure was monitored using an Omega gauge (Omega-model DPG 1001B-15G). Pressure 
and temperature were measured at the start and the end of the 24 hour incubation period.       
4.4.1 Isotope analysis 
Like the molecular components, the concentration of the isotope 
13
C-CO2 in the blended gas 
depends on the rate of each of the reaction processes. The concentration of 
13
C-CO2 is 
conventionally expressed as a relative abundance defined as:  
 
13
2 ( 1) 0 (‰10 0 )
sam
Std
R
C CO
R
                     Equation 4-1 
 
With Rsam the 
13
C/
12
C ratio of the sample, and Rstd the 
13
C/
12
C ratio of a reference standard VPDB 
(Vienna Peedee Belemnite: 0.0112372). 
In all cases, analyses were performed on 100mL gas samples injected into a 1L SKC 
FlexFoil gas bags. All isotope samples were analysed in the Stable Isotope Geochemistry 
Laboratory, University of Queensland using an Isoprime/Agilent Gas Chromatograph-combustion-
isotope ratio mass spectrometer (GC-c-IRMS). δ13C (per mil (‰)) measurements were normalised 
to the Vienna Pee Dee Belemnite (VPBD) standard.   
The required sampling for the three sources of δ13C-CO2 and the blended gas were as follows: 
Anaerobic digestion:  
The δ13C-CO2 signature for the 50:50% CH4:CO2 bottled gas used to represent anaerobic digestion 
biogas was analysed by one 100mL sample from the one gas cylinder used throughout the 
experiments.    
Composting: Composting does not exhibit isotopic fractionation, consequently the δ13C- CO2 
signature of the product gas is the same as the relative abundance of 
13
C in the solid. δ13C-CO2 of 
the product gas from composting was measured by collecting one sample at the end of the 24 hour 
incubation period from three incubations.         
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CH4 oxidation: δ
13
C-CO2 was measured at the end of the 24 hour incubation period in three 
incubation experiments. The value of δ13C-CO2 in the CO2 that arises from CH4 oxidation is 
primarily affected by fractionation during the CH4 oxidation process, and less dependent on the 
relative 
13
C abundance in the source CH4. The CO2 arising from CH4 oxidation is highly depleted in 
13
C and therefore typically exhibits a highly negative value of δ13C-CO2 (Börjesson et al., 2001; 
Cabral et al., 2010; Chanton et al., 2011a; Liptay et al., 1998a; Widory et al., 2012a). 
Blended gas: Isotopic analysis of the blended biogas was performed on a 100mL sample withdrawn 
from the headspace of bottles. The sample was injected in a 1L SKC sample bag and kept for 1-2 
weeks at room temperature before it was measured.  
4.5 The mass balance model 
The mass balance model is applied in general to a control volume V of a waste bed with or without 
a layer of cover soil and an atmospheric upper bounday condition (Figure 4-2).   
 
Figure 4-2: The modelled system, AD: Anaerobic Digestion process, OX: CH4 oxidation 
process and COM: Composting process. 
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Since CO2 is common to all of the reactions considered, this was selected as a basis with all 
rates expressed as mole CO2/d. The stoichiometry for the 3 reaction processes are: 
 
 
The mass balances for the molecular components CO2, CH4 and O2 are shown in Equations 4-5 to 4-
7. Fluxes across the boundary of the control volume are lumped in the model as net production 
terms, qCH4, qCO2 and qO2.  
 
where ADr , oxr and comr  (mole CO2/d) represents the rate of anaerobic digestion, CH4 oxidation, and 
composting activity. 
2CO
q  (mole CO2/d), 
4CH
q ( mole CH4/d) and 
2O
q  (mole O2/d) represent the net 
production or consumption of CO2, CH4 and O2.  
The mass balance for the 
13
C-CO2 isotope is expressed in terms of relative abundance δ
13
C-
CO2 using a linear mixing model (Phillips et al., 2001): 
 
13 13 13
2 AD AD 2 ox ox 2 com co
3
2
m
1
2
((δ C CO ) r ) ((δ C CO ) r ) ((δ r
)
C CO ) )
( outC CO qCO
     
 
 

  
Equation 
4-8 
 
Anerobic digestion:     Organic matter  CO2 + xCH4   Equation 4-2 
CH4 oxidation:             yCH4 + jO2 CO2 Equation 4-3 
Composting:               Organic matter + hO2  CO2 Equation 4-4 
2AD ox com CO
r r r q    
 
Equation 4-5 
 
4AD ox CH
x r y r q   Equation 4-6 
 
2ox com O
j r h r q   Equation 4-7 
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where 13δ C -CO2,out, 
13δ C -CO2,AD, 
13δ C -CO2,OX and 
13δ C -CO2,COM are the relative abundances of 
13
C-CO2 in the blended gas, the 50:50 CH4:CO2 bottled gas, the headspace of the CH4 oxidation 
incubation and the headspace of the composting incubation.   
The mass balance equations for CH4, CO2, O2 and 
13
C-CO2 (Equations 4-9 to 4-12) represent an 
over-determined system for calculating r = (rAD, rOX, rCOM):  
 
 
4
2
2
ox
21 1 1
0
0
CO
AD
CH
ox
O
COM
AD com CO out
Ar B
q
r
qx y
r
qj h
r
I I I q I

  
            
     
    
 
 
Equation 4-9 
Equation 4-10 
Equation 4-11 
Equation 4-12 
 
 
Where the abbreviated notation I is used in place of δ13C-CO2. Matrix A defines the stoichiometric 
coefficients of all reactions and matrix B defines the net production or consumption of the 
components CO2, CH4, O2 and 
13
C-CO2.  
 
4.6  Solving for r  
The rate values were solved using Excel Solver
®
 with GRG nonlinear algorithm. It was targeted to 
minimize the Root Mean Square Error (RMSE) between the observed and model estimation of net 
fluxes, q, by varying r vector subject to one constraint that the r vector consists of non-negative 
values.  
4.7 Results  
4.7.1 Stoichiometry coefficients  
Table 4-2 presents stoichiometric coefficients determined in 33 composting and 40 CH4 oxidation 
incubations. The small standard deviations in the coefficients demonstrate repeatable degradation 
conditions in each incubation. The stoichiometric coefficients are comparable with previous studies. 
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The respiratory quotient (RQ), equal to the ratio of CO2 evolution and O2 uptake, was 1.04 for the 
composting incubations. The RQ is approximately equal to 1 under fully aerobic conditions 
(Atkinson et al., 1997). Smårs et al. (2001) investigated the RQ of aerobic incubations of municipal 
solid waste and reported RQ values between 0.95 and 1.02. In addition, Gea et al. (2004) also 
reported a value of 1.24 and Adani et al. (2004) observed a value of 0.86 for fresh municipal solid 
waste. 
For the case of CH4 oxidation activity, the estimated stoichiometric coefficients were 
significantly different to the theoretical values defined by basic chemical stoichiometry where 2 
mole of O2 is consumed and 1 mole of CO2 is generated per 1 mole of CH4 consumption: 
 
CH4 + 2O2 → CO2 + 2H2O          Equation 4-13 
   
In reality, some fraction of carbon is assimilated to build up the biomass (Hanson & Hanson, 1996).  
In terms of the isotope signatures the observed values in Table 4-2 were within the expected 
ranges for the activity types. For composting, δ13C-CO2 = -20.4‰. For the CH4 oxidation batch 
incubations, δ13C-CO2 = -62.0‰ which is within the expected shift response for methanotrophic 
behaviour (Whiticar, 1999).  
 
Table 4-2: Average of measured values for reaction stoichiometries and δ13C-CO2 values 
(SE are included where is applicable) 
Process Reaction/ Equation Measured values Number of 
24 hr 
incubations  
Composting 
2 2 2 
comr
OM O zCO H O    
Z= 1.0 ± 0.1 33 
CH4 oxidation 
4 2 2 2   
OXr
CH xO yCO n H O    
x=1.6 ± 0.2 
y=0.6 ± 0.1 
40 
Isotope signature CH4 oxidation  
Composting 
(
13
C-CO)ox=-62.0±5 
(
13
C-CO)com=-20.4±4 
3 
 Standard gas mixturel that 
represented anaerobic digestion 
(
13
C-CO)AD =-31.5  
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Therefore the mass balance is as follows: 
2
4
2
13
2 2
1 1 1
1 1.67 0
0 2.67 1
31.5 62 20.4
AD
ox
COM
Ar B
qCO
r
qCH
r
O
r
qCO C CO

  
          
     
      
      
 
 
     Equation 4-14 
     Equation 4-15 
     Equation 4-16 
     Equation 4-17 
 
      
4.7.2 Evaluation of the mass balance model 
Figure 4-3 shows plots of modelled versus measured values for the reaction rates r. Three 
approaches are used: 
 Approach 1: The average stoichiometries listed in Table 4-2 are used for Matrix A and the 
measured volume and composition of the blended gas is used for q (= qCH4, qCO2, qO2 and 
qCO2 × δ
13
C-CO2). 
 Approach 2: Instead of using measurements of the blended gas for q, the production or 
consumption of each gas component in each bottle was summed to calculate overall net 
production or consumption of each gas component. This approach eliminated error in the 
measurement of the blended gas volume and composition. 
 Approach 3: As with Approach 2, but with Matrix A specific to the gas yields in the 
incubations being modelled. Given that q and Matrix A in this approach were based on the 
same data, it is expected that the model should perfectly match the experimentally observed 
values of r.     
As can be seen in Figure 4-3, values for rAD have the least scatter. It can be also recognized the 
mass balance method tends to underestimate the rAD and rOX and overpredict rCOM.  
Table 4-3 summarises the performance statistics of the model. The RMSE provides 
estimations of average error. A lower RMSE indicates a higher model accuracy. However, the 
application of RMSE is hindered when the order of magnitude of the variables is significantly 
different. In this study, the supply of the 50:50 CH4:CO2 gas representing anaerobic digestion, rAD, 
was approximately an order of magnitude larger than rOX and rCOM. These ranges are realistic when 
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the landfill case is considered, as anaerobic digestion will be the dominant process and have the 
highest order of magnitude. rCOM was consistently higher than rOX in the incubations. Although it is 
not possible to generalise on the relative rates of the aerobic processes, composting may play a 
greater role than CH4 oxidation, in particular during the first month as readily degradable organic 
waste is available. The normalized RMSE (NRMSE) showed that the models revealed its best 
performance in estimation of rAD. In comparison, the model performance for the aerobic processes 
is poorer with lower r
2
 values and higher NRMSE (Table 4-3).   
The student’s t-test was applied to determine significant differences between means of 
modelled and measured rates. Statistical analysis presented in Table 4-3 shows that there were not 
significant differences between means of observed and evaluated rates of rAD and rCOM at p value> 
0.05. However, the statistical analysis showed that the evaluated values for rOX are significantly 
lower than the observed values (p= 0.03). 
The lack of fit of the model using independently measured stoichiometries for composting 
and CH4 oxidation and experimental measurements of q (Approach 1) are almost entirely 
attributable to errors in the measurement of q, as illustrated by model results using Approach 2 and 
3 (Table 4-4). Approaches 2 and 3 use summations of component gas production and consumption 
from each bottle, thereby avoiding measurement errors of the blended gas. As expected, Approach 
3 which uses the same data to calculate q and Matrix A resulted in perfect correlations between the 
modelled and directly measured values of r. Only a minor deterioration in model fit occurred when 
using the independently determined stoichiometric coefficients (Matrix A), reflecting the 
repeatable behaviour in the composting and CH4 oxidation incubations.   
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Figure 4-3: Scatter plot of modelled vs observed values for 1. rAD; 2. rOX; and 3. rCOM.   
Legend: Approach 1:; Approach 2:■; and Approach 3:) 
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Table 4-3: Model evaluation statistics: Approach 1.  
  
Observed Average 
(Std.) 
Evaluated 
Average (Std.) 
r
2 
RMSE 
(µmole CO2/d) 
NRMSE 
(%) 
p-value 
rAD 
(µmole CO2/d) 
 
6.97 (1.02) 
 
6.14 (0.76) 0.86 0.89 12.8 0.054 
rOX 
(µmole CO2/d) 
 
0.44 (0.26) 
 
0.20 (0.21) 0.77 0.27 62.0 0.028 
rCOM 
(µmole CO2/d) 
1.18 (0.82) 1.79 (0.82) 0.74 0.73 61.9 0.112 
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Table 4-4: Model evaluation statistics: Approaches 2 and 3. 
   
 
 
Approach 2  
 
 
Approach 3 
Evaluated 
Average (Std.) 
r
2
 
RMSE 
(µmole CO2/d) 
NRMSE 
(%) 
p-value 
Evaluated 
Average (Std.) 
r
2
 
RMSE 
(µmole CO2/d) 
NRMSE 
(%) 
p-value 
rAD 
(µmole CO2/d) 
7.03(1.00) 0.95 0.24 3.4 0.89 6.98(1.04) 1.00 0.04 0.6 0.99 
rOX 
(µmole CO2/d) 
0.37(0.24) 0.96 0.07 15.9 0.69 0.43(0.24) 0.97 0.04 9.1 0.96 
rCOM 
(µmole CO2/d) 
1.25(0.73) 0.87 0.29 24.5 0.84 1.21(0.84) 0.98 0.11 9.3 0.93 
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4.8 Conclusion  
A mass balance approach was proposed to estimate the rates of anaerobic digestion, CH4 oxidation 
and composting occurring simultaneously in packed bed subject to an upper atmospheric boundary 
condition. The model was restricted to steady state conditions. The model was validated by 
analysing a blend of gas arising from known flows of gas from composting and CH4 oxidation 
incubations, mixed with a known quantity of 50:50 CH4:CO2 gas that represented anaerobic 
digestion activity.   
As expected, the rates of anaerobic digestion, CH4 oxidation and composting could be 
calculated perfectly by using the generation or consumption rates of the component gases from the 
three sources to calculate both q and stoichiometric matrix A. The largest error was demonstrated to 
occur when experimentally measuring the composition and volume of the blended gas as a basis for 
calculating q. Numerous composting and CH4 oxidation incubations showed that these processes 
were stable and repeatable.  
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5 CHAPTER 5: Study of waste degradation in packed beds exposed to air at the upper 
surface 
 
 
 
 
 
Aerobic degradation of waste in laboratory landfill 
reactors 
5.1 Introduction 
The objective of the study presented in this chapter was to use 
the mass balance model derived and calibrated in Chapter 4 to 
understand degradation behaviour in a set of laboratory MSW 
waste bed experiments. The model was used to distinguish the 
rates of anaerobic digestion, CH4 oxidation and composting in 
the laboratory waste beds. Each bed was subjected to different 
degradation conditions. These variations were the inclusion of a 
soil layer on top of one bed; a feed of CH4 to the base of one bed 
to simulate uprising biogas from deeper layers in a landfill; and 
periodic flushing of a solution of 2-Bromoethanesulfonate 
(BES) to suppress anaerobic digestion in another bed. One bed 
was used as a control bed, packed with the same waste as the 
other beds. The laboratory reactors were sealed and ventilated 
over the surface of the waste bed at a controlled rate and 
frequency, such that the generation or consumption of all 
molecular and isotopic gas species could be measured. The 
consumption rate of O2 and the production rates of CH4 and CO2 
were measured on-line while isotope balances were measured by 
manual sampling and analysis. The experimental results from 
 
 
 CHAPTER 5: 
Laboratory Experiment  
 
5 
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the waste beds and calculated anaerobic digestion, CH4 oxidation and composting rates are 
presented. The chapter also presents analyses that help verify the rates calculated using the mass 
balance model, including vertical gas composition profiles of the beds and phylogenetic 
characterisation of the microbial consortia at different depths, to see whether calculated degradation 
activities are consistent with phenotypes identified in the suites of microorganisms. 
 
5.2 Materials and Methods 
 
5.2.1 Experimental Design  
 Each packed bed was subjected to a condition or treatment that differentiated it from the other 
beds. The set of four reactors therefore covered a range of degradation conditions (Figure 5-1). This 
tested the capacity of the mass balance model to distinguish various combinations of the three 
degradation processes, anaerobic digestion, CH4 oxidation and composting. The imposed conditions 
were designed to reflect a range of possible conditions in the uppermost layer of an active cell in a 
landfill. Four treatments were considered in this experiment as described below: 
• Reactor 1 (R1): In this treatment the reactor was fed with an extra source of CH4 at the base 
to simulate uprising CH4 from deeper landfill layers.   
• Reactor 2 (R2): In this reactor, 2-bromoethanesulphonate (BES) was added to the leachate 
and recirculated through the bed. BES suppresses CH4 generation and therefore CH4 oxidation. BES 
is a commonly applied chemical to inhibit methanogenic bacteria. Consequently, high rate of 
composting was expected in this reactor.  
• Reactor 3 (R3): This reactor was covered by a layer of soil (10-15cm) to approximate an 
active landfill cell. The placement of the soil was proposed to restrict access of air to the waste and 
therefore enhance anaerobic digestion conditions.  
• Reactor 4 (R4): Control. This reactor was the control reactor, packed with the same waste  
and operated  in the same fasion as other reactors. 
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Figure 5-1: Treatments imposed on packed MSW beds and anticipated relative reaction 
rates. 
 
 
5.2.2 Methods of analysis 
Waste Characterisation 
The waste loaded to each reactor was sampled by collecting 3-4 kg of random grabs as the reactor 
was loaded. The grabs were thoroughly mixed and 2 kg was sub-sampled and analysed for TS, VS, 
COD and BMP using the procedures described in Chapter 3. The COD of the fresh waste was 
determined on ten 6g samples of macerated waste according to Standard Method 5220D (Eaton et 
al., 2005) as described in Chapter 3. Biochemical Methane Potential (BMP) assays were performed 
on three samples of 1g VS of the macerated waste, according to the procedure described in Chapter 
3. An inoculum to substrate ratio of 3:1 (VS basis) was used.  
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Leachate and biogas analysis 
The flow rate of air into the headspace, the O2 concentration in the inflowing air, the volumetric 
flow rate of the outlet gas and the concentrations of CH4, CO2 and O2 in the outlet gas were logged 
each minute. Sensors were calibrated using a GC-FID (Refer to Appendix 1 for a detail description 
of the instrument calibration procedure). Gas samples were collected weekly from each reactor 
headspace using a 100ml gas syringe for calibration. Gas samples for δ13C-CO2 analysis were 
collected every 10-15 days.  
 
Isotope analysis 
Manual measurement of 
13
C-CO2 was performed on all reactors. δ
13
C-CO2 was analysed in the 
Stable Isotope Geochemistry Laboratory, University of Queensland using an Isoprime/Agilent Gas 
Chromatograph-combustion-isotope ratio mass spectrometer (GC-c-IRMS). δ13C (per mil (‰) 
measurements were normalised to the Vienna Pee Dee Belemnite (VPBD) standard. The biogas was 
stored in FlexFoil bags (SKC).  
 
5.2.3 Reactors set-up and operation  
The set-up of the reactors is illustrated in Figure 5-2. Details of the equipment to regulate 
temperature, flushing of the headspaces with air and the on-line logging of exiting headspace 
flowrates and gas compositions is described in Chapter 3. The amount of shredded MSW loaded to 
each reactor, the depth and the packing density of the beds is shown in Table 5-1. The reactors were 
sealed and pressure tested for gas tightness as described in Chapter 3. All reactors were run as batch 
digesters with recirculation of a 10L inventory of drained leachate once per week.   
 
Table 5-1: Characteristics of waste used in this study  
 Weight  
(Wet kg) 
Density  
(kg/m
3
) 
%TS 
(Wet) 
%VS 
(dry) 
BMP  
(ml CH4/gVS) 
COD  
(gCOD/ kg dry waste) 
R1 36.7±0.5 218±8 71±3 84±3 169±20 640±32 
R2 29.7±0.5 176±6 70±3 77±2 144±18 468±21 
R3 27.3±0.5 162±6 74±3 74±2 143±8 456±22 
R4 23.9±0.5 142±5 70±2 69±1 137±24 419±13 
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5.2.4 Implementation of conditions for each reactor  
The schematic configuration of the reactors that highlights the different conditions imposed on each 
reactor is shown Figure 5-2. R1 was fed from a D-size bottle (BOC, Australia available at 
http://www.boconline.co.uk/en/sheq/gas-safety/cylinder-weights-sizes/cylinder-weights-
size/cylinder-weights-size.html) containing 4% CH4 in Ar. For the sake of safety such a low 
concentration of CH4 was used. In case of randomly leaking, the concentration of CH4 in the lab 
will not go over 5% which is explosive level of CH4. Moreover, the intention of applying this flux 
of gas was not to simulate the LFG but rather than to see whether the model can reflect the effect of 
this additional gas. The flow rate of this gas was controlled by an Aalborg GFC17 at a rate of 2 
ml/min. BES was added to R2 to suppress methanogenesis. Before each leachate recirculation 
round, four litres of leachate were collected from R2 and 40g BES was added to reach a 
concentration of 10g/L. R3 was covered by 10cm deep layer of the daily cover soil collected from 
the landfill. The characteristics of the soil are described in Table 5-2 and more details are provided 
in Appendix 2. No additional treatment was applied to the waste bed in R4.  
 
  
 Table 5-2: The particle size distribution analysis of soil used as cover in R3 
Sieve Size (mm) Amount of soil retained (g)  (%) 
37.5 160.4 7.6 
26.5 135.8 6.4 
19 216.2 10.2 
9.5 238.2 11.3 
4.75 225.5 10.7 
2.36 207.9 9.8 
1.18 177.5 8.4 
0.6 193.3 9.1 
0.425 100.7 4.7 
0.3 91.9 4.3 
0.15 150.7 7.1 
0.075 96.3 4.5 
<0.75 112.8 5.3 
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Figure 5-2: Schematic of configuration of reactors 
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5.2.5 Operation of reactors 
The headspace of each reactor was flushed with air at a controlled flow rate of 3.32 L/min for 15 
min. The headspace volume was 30L at the start of the experiment. Assuming fully mixed 
conditions, approximately 80% of the headspace volume was replaced in 15min flushing period. 
The flow rate of air to headspace of reactors was set at around 45L/kg(dry)/d for all reactors. 
Normalised headspace flushing rates in previous laboratory and field scale studies ranged from 0.2 
l/kg DM.d to 1150 l/kg DM.d (Hrad et al., 2012).  
The temperature of all reactors was controlled at 30
o
C, based on a sensor located at 85cm 
from the top of reactor (Section 3-4). This temperature is close to the annual average temperature at 
Swanbank landfill equal to 30
o
C.  
 
5.2.6 Application of mass balance model to reactor data 
The mass balance model, represented in Equations 4-9 to 4-12 in Chapter 4, was applied to 
calculate the rates of anaerobic digestion, CH4 oxidation and composting, rAD, rOX and rcom, using 
balances over the four components CH4, CO2, O2 and δ
13
C-CO2. Excel solver was used to solve the 
mass balance model by minimizing the RMSE between observed and model estimated values of the 
net production or consumption of the four components. At each isotopic sampling event, the 
corresponding rate of O2 consumption, CH4 and CO2 generation, qO2 (moles O2/d), qCH4 (moles 
CH4/d) and qCO2 (moles CO2/d), was taken as the average of these values from the day prior to, the 
day of and the day after the isotope measurement. 
 
5.2.7 Microbial community Analysis 
To provide further insight to the degradation processes in the reactors and to confirm the mass 
balance estimations, 16s rRNA gene Pyrotag sequencing was conducted to assess the microbial 
community diversity in each waste bed.  
Samples for pyrosequencing analysis were prepared as follows:  
Samples were taken at the end of experiment from R2 and R3. For R3, approximately 300g 
comprised of two hand grabs was collected at each of the following depths: the cover soil, within 
15cm from the top of the waste layer, from the middle of the waste layer between 20 and 50cm 
from the surface of the waste layer, from the bottom of the waste layer at the depth of 100cm from 
the surface of the waste layer and from the leachate inventory. Only two samples were collected 
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from Reactor 2, from the middle of waste column and from the leachate inventory. Samples were 
stored at -20
o
C. 
 Each sample was ground using a mortar and pestle. The mortar and pestle were first washed 
with 0.1M HCl, then rinsed with distilled water (Invitrogen, Free DNAse and RNSse), dried and left 
for 30 minutes. This process was repeated with 0.1M NaOH. The mortar and pestle was then 
washed with 70% ethanol solution and rinsed with distilled water. The mortar and pestle was then 
used to grind each 300g sample to a paste, with the addition of 400 ml of distilled water. The paste 
was then squeezed and the extracted liquid was collected. The extracted liquid was added to 6 
plastic centrifuge tubes. The tubes were subjected to 5 minutes ultrasonic pre-treatment (Maxkon 
model: CE-5200A at 42 kHz). Samples were centrifuged at 14000 rpm at room temperature for 10 
minutes. The supernatant was discarded and the pellets were kept at -20
o
C. Samples were submitted 
to the Australian Centre for Ecogenomic (ACE) at the University of Queensland for sequencing.  
 DNA was extracted from 50-100 mg dewatered pellets using an initial bead beating step 
followed by extraction using the Maxwell
®
 16 Research Instrument (Promega) according to the 
manufacturer’s protocol with the Maxwell® 16 Tissue DNA Kit (Promega). DNA concentration was 
measured using a Qubit assay (Life Technologies) and was adjusted to a concentration of 5ng/ul. 
The 16S rRNA gene encompassing the V6 to V8 regions was targeted using the 926F (5’-
AAACTYAAAKGAATTGRCGG-3’) and 1392R (5’-ACGGGCGGTGWGTRC-3’) primers 
(Kunin et al., 2010) using an Illumina MiSeq platform. 
Pyrosequencing results were then analysed through the ACE Pyrosequencing Pipeline 
(https://github.com/ecogenomics/APP). Sequences that were shorter than 250 base pairs (bp) in 
length and reads containing any unresolved nucleotides were removed. Sequences with 97% 
similarity were assigned to operational taxonomic units (OTUs) and aligned by PyNAST (Caporaso 
et al., 2010). Each sequence was then assigned to a taxonomy using the Blast Taxon Assigner in 
QIIME through the Greengenes database (http://greengenes.lbl.gov). 
 
5.3  Results 
5.3.1 Characterizations of municipal solid waste 
Table 5-1 presents the results of the characterizations of the solid waste sample loaded to each 
reactor. The moisture content of waste loaded to all reactors was approximately 30%. Radnidge 
(2009) reported the moisture content of MSW from Brisbane landfill to be about 50% which means 
the MSW used in the current study is drier. This might be due to shredding which was performed in 
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a commercial scale shredder on a relatively hot day. The moisture content of MSW is highly 
variable but it typically ranges between 30 to 50% by wet weight basis (Taufiq, 2010). The average 
VS content of waste was measured to be as high as 75% (of dried waste) which is close to that 
reported by other authors for Brisbane waste (Nopharatana, 2001; Radnidge, 2009).  
The average BMP of the MSW loaded to the reactors was 145 ml CH4/gVS (Table 5-1). The 
BMP and COD values are slightly lower than that reported in other studies for Brisbane waste 
where BMPs of 231 and 245 ml CH4/gVS were reported (Nopharatana, 2001; Radnidge, 2009) and 
more recently by Clarke et al. (2015) who determined the BMP on the undersized fraction (<8cm) 
of shredded MSW to be 223 ± 16 ml CH4/gVS. These results demonstrate the variability in the 
waste stream and the need to fully characterise the specific waste used in these experiments.   
 
5.3.2 Biogas generation and O2 consumption in reactors 
Figure 5-3 to Figure 5-6 show the trend in O2 consumption and biogas generation in all reactors. As 
can be seen, there is a noticeable difference between the cumulative gas profile in R3 and other 
treatments. R3 was covered by soil which is expected to reduce the flux of O2 into the waste bed. 
The cumulative CH4 generation from the uncovered reactors (R1, R2 and R4) is close to zero while 
R3 produced approximately 1400 litres of CH4 (at STP). In contrast, CO2 generation and O2 
consumption in R3 was about half of the other reactors.  
 The cumulative biogas generation and O2 consumption reveals some information about the 
process occurring in the each reactor. The rates of CO2 production and O2 consumption were used 
to calculate the respiratory quotient (RQ) in all reactors. The RQ is the molar ratio of CO2 
production and O2 consumption. RQ equals 1 under aerobic conditions for carbohydrate dominated 
substrate (Smårs et al., 2001). RQ values greater than 1 reflects the presence of anaerobic 
degradation processes. As can be seen in Figure 5-3 to Figure 5-6, CO2 was initially produced at the 
same rate that O2 was consumed in all reactors. There was no CH4 production from any bed. Trace 
levels of CH4 production became evident from Day 20 for the soil covered bed, R3(Figure 5-5). 
CO2 production exceeded O2 consumption well before CH4 production commenced on Day 20, 
indicating fermentative degradation activity. 
The rate and extent of CO2 production and O2 consumption in the uncovered reactors (R1, R2 
and R4) was the same, allowing for the inherent variability in reactor loading and degradation 
processes. O2 consumption tracked CO2 production within experimental uncertainty, suggesting no 
anaerobic activity in these reactors. However, analysis of the emitted gases cannot distinguish any 
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CH4 that may have been produced and was subsequently oxidised within the bed. The net result of 
that process is CO2 generation and is therefore indistinguishable from direct composting.   
 
 
  
 
 
 
Figure 5-3: Cumulative biogas generated and O2 consumption in Reactor 1. Blue: CO2, 
Green: O2 and Red: CH4. 
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Figure 5-4: Cumulative biogas generated and O2 consumption in Reactor 2. Blue: CO2, 
Green: O2 and Red: CH4.  
 
 
 
 
Figure 5-5: Cumulative biogas generated and O2 consumption in R3. Blue: CO2, Green: O2 
and Red: CH4. 
 
 
Figure 5-6: Cumulative biogas generated and O2 consumption in R4. Blue: CO2, Green: O2 
and Red: CH4. 
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5.3.3 The profile of δ13C-CO2 isotope  
The trends of δ13C-CO2 observed in reactors are depicted in Figure 5-7. Measurement of δ
13
C-CO2 
in all beds commenced on Day 7 and continued until the end of the experiment (Day 180). Similar 
to the trends of gas production and composition, R3 showed a different profile of δ13C-CO2 
compared to other reactors. In all reactors, δ13C-CO2 was initially -24 ±1 in all reactors. δ
13
C-CO2 
increased continuously to +1.5 by Day 120 in R3 and then decreased and fluctuated around -4 until 
the end of the experiment. The profile of δ13C-CO2 was irregular in the uncovered reactors. δ
13
C-
CO2 increased from Day 14 and fluctuated around -20 in all uncovered reactors with the lowest 
variation observed in R1.    
 In general, some predictions for the rate of processes in reactors can be made from the 
profile of δ13C-CO2. While the value for δ
13
C-CO2 resulting from rAD is a positive value, this value 
for rCOM and rOX was -24 and -62, respectively, based on the bottle incubations presented in Chapter 
4. The profile of δ13C-CO2 in R3 with a distinct trend toward positive values indicates that the 
anaerobic digestion process should be the dominant process in this reactor. Regarding other 
reactors, the value of δ13C-CO2was measured less than -24.4 over most of the duration of the 
experiment. However, a trace amount of CH4 was observed in outlet, from these values, it can 
predict that anaerobic digestion process significantly contribute to digestion of waste in these 
reactors as well. However, the generated CH4 may be oxidized subsequently in the upper aerobic 
layer. Therefore, we expect a high rate of CH4 oxidation in these reactors. 
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Figure 5-7: δ13C-CO2 profile observed in the headspace of the reactors 
 
 
 
5.3.4 Vertical profiles of gas concentrations 
Vertical profiles of gas concentrations were measured in all reactors. Figure 5-8 shows the 
established gas composition profile corresponding to stable gas production from each reactor. More 
gas concentrations profiles from R3 can be found in Appendix 4. Since there is no sink for N2, the 
profile of N2 is a good indicator of the depth to which air has penetrated, a balance between 
diffusion driven mass transfer of air into the waste bed and uprising flow of biogas generated in the 
bed. 
  The depth profiles in Figure 5-8 are relative to the lid of the reactor and depths referred in 
the following discussion are also relative to the lid of the reactor. The depth to which O2 penetrated 
is therefore shallower, by up to 15cm than that indicated in Figure 5-8. The top sample represents 
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the gas concentration in the reactor headspace. O2 depleted over a depth of 20 to 60cm in R1 and 
R2. Composting and CH4 oxidation compete for available O2. It cannot be inferred which aerobic 
process is dominant as the rate of CH4 generation is unknown. O2 depletion is exceeded by CO2 
production in the R1 profile due to anaerobic CO2 production from digestion and possibly 
fermentation. The anaerobic CO2 production results in a dilution of N2 below a depth of 20cm. The 
same effect of N2 dilution occurs in R2, corresponding to the accumulation of CH4 below a depth of 
60cm. Gas concentrations were measured in one occasion in R4 on Day 130. However, 
measurements from two lowest ports in R4 were failed. The profile shows depletion of O2 does not 
start until a depth of 60cm in R4, but might this be because the surface of bed had sunk by Day 130. 
The gas profile in the soil covered reactor (R3) is very different to the profiles in the uncovered 
reactors. After 60 days, there is only slight depletion of O2 to a depth of 60cm. O2 is then rapidly 
depleted within 10-20cm, also coinciding with the accumulation of CH4 rich biogas below that 
depth. The uprising flow rate of biogas balances the mass transfer of air into the bed at this depth, 
evident by the near depletion of N2 by a depth of 80cm. Although the CO2 and CH4 concentration is 
low in the top half of R3, there is a significant flux of both gases into the headspace of R3. In 
comparison, the CH4 concentration is zero above a depth of 40 to 60cm in all of the uncovered 
reactors.  
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Figure 5-8: The vertical profile of gas concentrations of waste column in the four reactors. 
Datum for depth measurements was the lid of the reactor. 
 
5.3.5 Characteristics of stabilized waste 
Digestate and leachate collected at the end of the experiments from each reactor were measured for 
BMP, COD, TS and VS. The total weight of waste and the volume of leachate were also measured. 
Characteristics of waste at the end of experiment are given in Table 5-3. On average, the waste beds 
settled by about 25%. The BMP of the digestate sampled from R2, R3 and R4 (Table 5-3) was less 
than 10% of the BMP of the fresh waste (Table 5-1), indicating that degradation was approaching 
completion in these reactors. 
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Table 5-3: Characteristics of digestate from all reactors at the end of the experiment (Day 
180) 
 Weight   
(Wet, kg) 
Density  
(kg/m
3
) 
%TS 
(Wet) 
%VS 
(dry) 
BMP  
(ml CH4/gVS) 
COD 
(gCOD/kg dry waste) 
R1 43.2±0.5 346±12 47±3 82±2 45±6 436±16 
R2 35±.5 314±11 36±2 58±2 5±1 192±8 
R3 30.2±0.5 303±10 46±2 62±1 9±2 269±9 
R4 30±0.5 306±10 38±3 54±2 5±2 98±4 
 
 
5.3.6 Application of mass balance model 
Update of the mass balance parameters 
The mass balance model developed in Chapter 4 was applied to distinguish the rates of anaerobic 
digestion, CH4 oxidation and composting in the packed bed experiments. The stoichiometry of the 
model developed in Chapter 4 was based on an aerobic incubation of food waste, CH4 oxidation on 
a graphite granules and artificial supply of AD biogas. It is first necessary then to update the mass 
balance model parameters in order to apply it to the packed beds. The stoichiometric coefficients of 
the CH4 oxidation reaction were taken from Chapter 4. The stoichiometric coefficients of the 
composting and anaerobic digestion reactions were re-evaluated for the packed beds as follows:  
 AD reaction 
Both the molecular stoichiometry (i.e. the ratio of CH4 to CO2) and the isotope abundance of biogas 
arising from anaerobic digestion ((δ13C-CO2)AD) were re-evaluated for the packed beds. The 
molecular coefficient of the anaerobic digestion reaction was determined as the average of three 
measurements of CH4 and CO2 in the anaerobic zone of R3 at Day 71, Day 141and Day 160 (Table 
5-4). An average of 1.3 was obtained.  
 The δ13C-CO2 of biogas arising from anaerobic digestion was taken as the average of 
measurements in two set of samples: 
 The first set of samples was collected from the bottom section of R3 at the same time as 
those samples that were used to determine the molecular ratio.  The average value of δ13C-
CO2 determined from these samples is  shown in Table 5-4; 
 A set of two samples that were collected from a BMP assay. BMP assays were performed in 
the same manner as described in Section 3.3. All assays were inoculated with leachate 
collected from the waste rather than an external inoculum to avoid the complexity of 
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distinguishing the isotopic abundance of the sample from the inoculum. Samples were taken 
after two weeks of test commencement and measured for %CH4, %CO2, δ
13
C-CO2 and 
δ13C-CH4. Table 5-4 shows the average of the measurements. An average of 6 was obtained 
for δ13C-CO2 resulting from the anaerobic digestion process. 
 
 Composting reaction 
The molecular stoichiometry of the composting reaction was taken from Chapter 4. The isotopic 
abundance of the biogas arising from the composting process ((δ13C-CO2)com) was re-evaluated. 20g 
of macerated samples (5-10mm) of the waste loaded to reactors was added to a 245ml bottle. The 
moisture content of the macerated waste was adjusted to 30-40% (by weight) and bottles were 
sealed using rubber stopper and aluminium crimp. 200ml air was then injected to maintain aerobic 
conditions in the bottle. Tests were performed in triplicate. After 24 hours of incubation at 30
o
C, 
100ml of gas was sampled from the headspace and stored in a FlexFoil plus (SKC) bag for
13
2C CO   analysis. A value of -24.4±0.3 was achieved (Table 5-4). Since Carbon isotope 
fractionation does not occur in respiration (Lapham et al., 1999), the value obtained for δ13C-CO2 in 
composting assay is equal to carbon isotope abundance in solid waste (δ13C-MSW). 
To check the consistency of measurements, Equation 5-1 were used to evaluate δ13C-MSW 
using data obtained from the anaerobic biogas samples from the bottles of R3 and the BMP assay. 
 
4 2
13 13 13
CH 4 C 2( ) [(C ) ( ) ( ) ( )]OC MSW C CH C C CO          
 
Equation 5-1 
 
 
where 13C MSW  is 13C  of organic fraction of municipal solid waste 
4CH
C  and 
2CO
C  represent 
the average concentration of CH4 and CO2 in the generated biogas (
4 2CH C
1OC C  ), respectively. 
13
4( )C CH  and 
13
2( )C CO   are the average abundance of 
13
C in CH4 and CO2, respectively. 
It can be seen from Table 5-4 that 13C MSW   obtained from anaerobic and aerobic 
experiments are in agreement. The values obtained for δ13C-CO2 and δ
13
C-CH4 in this research were 
in ranges reported in other studies (Abichou et al., 2006; Raco et al., 2014; Widory et al., 2012b). 
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Table 5-4: The results of measurement to update the mass balance model 
Source of Samples 
 
%CH4 %CO2 δ13C-CO2 δ
13
C-CH4 δ
13
C-MSW 
Anaerobic zone of 
R3 
 
53.9±0.2 42.1±0.2 6.5±0.3 -52.1±0.3 -25.3±1.1 
BMP assay 49.5±0.2 46.5±0.2 5.4±0.3 -54.9±0.3 -25.7±1.4 
Composting assay 
 
N/A N/A -24.4 ±3 N/A -24.4±0.3 
 
 
Therefore the mass balance model was updated as shown in Equations 5.2 to 5-5.  
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     
 
 
     Equation 5-2 
     Equation 5-3 
     Equation 5-4 
     Equation 5-5 
 
   
Estimation of processes rates 
The mass balance model was applied to the data from each reactor. The profiles of rAD, rOX and rCOM 
in each reactor are shown in Figure 5-9 to Figure 5-12. The rate of processes were calculated each 
time δ13C-CO2 was measured in the gas emitted from each reactor. The model successfully 
calculates smooth trends in reaction rates, indicating the model is sufficiently sensitive to changes 
in biogas composition but not subject to random fluctuations in biogas flow and composition 
measurement.   
The following observations are made from the trends in rAD, rOX and rCOM:  
 The model indicates that composting commenced immediately and initially dominated 
degradation activity in all beds. rCOM in R3 was less than the other reactors.  
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 rCOM in the uncovered reactors decreased from approximately 3 mole CO2/d to 1 mole CO2/d 
within the first month, a level that was similar to rAD and rOX in all reactors. rCOM was 
calculated to diminish to a negligible level after 100 days in R1; rapidly diminished to zero 
after 2 months in R2 but then re-established at 0.8 ±0.1 mole CO2/d at the expense of CH4 
oxidation activity (rCOM) from Day 110 to Day 130; monotonically declined in R3 from an 
initial activity of approximately 1 mole CO2/d to zero by Day 160; and declined to zero after 
2 months in R4 but like R1, re-established briefly from Day 100 to Day 120. Although the 
emission of CH4 from R1, R2 and R4 was negligible, the mass balance model showed that a 
large fraction of the solid in these reactors was degraded anaerobically. This proportion is 
calculated and discussed below.  
 Anaerobic digestion activity was calculated to commence at the same time in all reactors, 
between Day 18 and 20. rAD was marginally higher in the soil covered reactor, indicating 
that the soil cover was not effective in restricting the ingress of air into the waste layer. rAD 
persisted in the uncovered reactors, except for the 10 to 20 day period around Day 100 
where composting was the only aerobic process, clearly in response to a lack of CH4 
generation at that time.     
 The mass balance model shows that rOX tracks rAD in the uncovered reactors, consistent with 
the observation that only trace levels of CH4 were observed in the headspaces of R1, R2 and 
R4. All CH4 that was generated was therefore oxidized in the uncovered reactors. From the 
mass balance model, the high rate of CH4 emission from R3 is due to inhibition of the CH4 
oxidation process rather than a higher rate of CH4 generation. This is hypothesised to be due 
to the soil cover being saturated with recirculating ammonia-rich leachate which may have 
enriched nitrifying organisms in the soil in preference to methanotrophs. In contrast, 
leachate most likely channelled through the waste in the uncovered reactors, leaving areas 
close to the surface of the bed unaffected by leachate.   
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Figure 5-9: The daily rate of each process in R1 evaluated using the mass balance model. 
 rCOM,  rAD and   rOX.  
 
 
Figure 5-10: The daily rate of each process in R2 evaluated using the mass balance 
model.  rCOM,  rAD and  rOX.  
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Figure 5-11: The daily rate of each process in R3 evaluated using the mass balance 
model.  rCOM,  rAD and  rOX.  
 
 
 
Figure 5-12: The daily rate of each process in R4 evaluated using the mass balance 
model.  rCOM,  rAD and  rOX.  
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5.3.7 Mass balance model evaluation –COD balance 
A method of verifying the calculated rates is to compared the total COD consumption in a bed 
according to the calculated rates rAD, rOx and rCOM with more direct experimental measurements of 
COD consumption. 
COD consumption according to rAD, rOx and rCOM 
The rate of COD consumption in a bed according to the calculated rates rAD, rOx and rCOM is equal to 
1.3×2×rAD + rCOM (moles O2/d), based on the stoichiometric coefficient for CH4 in the anaerobic 
digestion reaction (Equation 4-2 to 4-4), the COD of CH4 and the fact that the consumption rate of 
O2 as the result of composting = rCOM. 
 
COD comsumption based on direct measurements of CH4 emission and O2 consumption 
The COD consumed in a bed can be calculated directly from the emission of CH4 and the 
consumption of O2 in the waste bed. The rate of COD consumption is equal to 2×qCH4 + qO2 when 
expressed in O2 equivalents.  
 
COD consumption based on depletion of COD of the solids in the bed 
The COD lost from the bed can be calculated as 
 
m waste,t=180 leachatewaste,t=0ΔCOD =COD -(COD +COD )         Equation 5-6 
 
where 
mΔCOD  is the COD consumption (gO2), leachateCOD represents the COD content of leachate 
at the end of experiment (gO2) and waste,t=0COD  and waste,t=180COD  are the COD of the fresh waste and 
digestate (gO2) respectively. The sampling procedure and the analytical method for determining the 
COD of solid was described in Section 3.6.2. The procedure for digestate waste was to collect 1kg 
digestate were collected from the top, middle and bottom of each bed. The three samples for each 
bed were then blended. 600mL of leachate was collected from the sump of each reactor.   
A comparison of COD consumption in each bed by these methods is shown in Figure 5-13. 
The observed values for COD consumption are congruent with the COD removal estimated by the 
mass balance model. The COD consumption estimated by the mass balance model was within 10% 
of the more direct measurements of COD consumption in R1, R2 and R3. The highest error was 
observed in R4 with 17% difference between the COD consumption according to the solids 
analyses and the COD consumption according to the modelled rates. However, the mass balance 
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model for R4 is in good agreement with COD removal according to the direct headspace gas 
measurements. 
 
 
 
Figure 5-13: Comparison of COD consumption according to calculated rates rAD, rOX and 
rCOM with direct measurements of COD based on: CH4 emissions and O2 consumption 
(2qCH4 + qO2); and the difference between the COD of the fresh waste and the COD of the 
residual solid and liquid in each reactor. Error bars indicate ± SE.  
 
 
5.3.8 Mass balance model evaluation - Microbial community analysis 
Microbial community analysis was performed to serve as an additional confirmation of the results 
obtained from the mass balance model. The mass balance model result showed a relatively high rate 
of CH4 generation and oxidation in the reactors without a soil cover (R1, R2 and R4) which should 
be reflected in the microbial community in the waste bed. Also, the model indicated that the higher 
rate of CH4 emissions from R3 was due to a low rate of CH4 oxidation in that reactor. As described 
in Section 5.2.8, 7 waste samples were taken from different sections of R3 and R2 at the end of the 
180 day experimental period. In the case of R3, samples were taken from the soil cover (‘R3 Soil’), 
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the top section of the waste bed (‘R3 Top’) from the middle section of the waste bed (‘R3 Middle’), 
from the base of the waste bed (‘R3 base’) and from the leachate sump (‘R3 leachate’). Two 
samples were collected from R2, from the middle of the waste bed (‘R2 middle’) and from the 
leachate sump (‘R2 leachate’). 
From the total raw sequences, after trimming, sorting, and quality control, 177,853 usable 
sequencing reads were obtained which means about 27% of raw reads met the quality and length 
criteria. To identify the OTUs observed in the samples, partial 16S rDNA sequences were compared 
and clustered. In this study 97% sequence identity was chosen. After taxonomic assignment, 
sequences that could not be assigned to a phylum with at least 70% confidence were discarded. This 
quality control left 1074 high quality OTUs (in total) for further analysis. The total number of high-
quality sequences obtained and the number of OTUs from each sample are given in Table 5-5. 
 
 
Table 5-5: Sequencing results for samples from R2 and R3 at the end of the experiment 
based on 16S rRNA gene tag pyrosequencing 
 
R2 
Leachate 
R2 
Middle 
R3  
Top 
R3 
Middle 
R3  
Base 
R3 
 Soil 
R3 
Leachate 
Number of sequences 22108 27814 25126 13067 34260 24157 31321 
OTUs 179 73 187 170 169 171 125 
 
 
 
The distribution of the OTUs into orders of microorganisms is shown in Figure 5-18. The 
analysis of samples from R2 confirmed the presence of microbes from Methanomicrobiales, 
Methanobacteriales, Methanococcales and Methanosarcinales, which are the four phylogenetic 
orders of methanogens that are currently known to occur in mesophilic anaerobic digesters (Martín-
González et al., 2011; Sasaki et al., 2011; Ziganshin et al., 2011). Also, methanotrophs from 
Methylococcaceae were observed in sample from middle of R2 with relative abundance of around 
5%. In addition, bacteria from the newly discovered Verrucomicrobia methanotrophs were 
observed (Sharp et al., 2012). The dominant microbial species within R3 were anaerobic organisms 
either from the kingdom of Archaea or bacteria from the phylum of Firmicutes. The relative 
abundance of methanotrophs in R3 was low.  
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BES has been successfully used to inhibit methanogens in several batch experiment studies 
(Liu et al., 2011; Smith & Mah, 1981; Ungerfeld et al., 2004; Zhou et al., 2011). The results of the 
mass balance model showed that anaerobic digestion activity was established in R2. The 
phylogenetic analysis also shows that anaerobic bacteria comprised a significant fraction of the 
bacterial community. This might be due to limited and short term contact of the BES with the waste 
bed. The BES was introduced to the waste bed via the leachate that was recirculated through the 
bed. Contact with the bed may have been limited by channelling of leachate through the bed.    
To summarise the microbial analysis, OTUs were classified into three groups of microorganisms: 
anaerobic microorganisms (Archaea and anaerobic bacteria), methanotrophs and others (Figure 
5-14). To assign phylum results to one of these groups, reports in the literature were used. Archaea 
and bacteria from Firmicutes, Synergistetes, Chloroflexi, Spirochaetes and Proteobacteria were 
observed and assigned to the anaerobic group (Bareither et al., 2013; Demirel & Scherer, 2008; Guo 
et al., 2014; Kim et al., 2014; Palatsi et al., 2010). Bacteria that could consume CH4 were assigned 
to the methanotroph group. The only identified methanotrophic bacteria belonged to the 
Methylococcaceae family (Op den Camp et al., 2009; Scheutz et al., 2009; Wise et al., 1999). The 
microorganisms that were classified as ‘other’ consisted of bacteria that were obligate aerobic 
organisms or bacteria that could not be identified as either aerobic or anaerobic. The percentage of 
bacteria belonging to each group was calculated as a percentage of reads in each sample. 
As can be seen, the microbial community composition logically corresponds to the 
prevalence of rAD, rOX and rCOM in R2 and R3. The profile of processes (rAD and rOX and rCOM) 
suggests that all three processes occurred within each waste bed but with different rates of activity. 
The analysis of bacterial community composition supports this finding as aerobic, anaerobic and 
methanotrophic bacteria were identified in both waste beds. With regards to R3, the waste column 
was dominated by anaerobic conditions. This column was covered by a thin layer of soil cover 
which limited O2 intrusion into waste bed. Aerobic bacteria accounted for a significant fraction of 
the microbial community in the soil cover and the top of the waste layer (Figure 5-14). This further 
validates the mass balance model which indicates composting activity at the early stage of the 
experiment. The results of the mass balance model suggest that the high flux of CH4 emissions from 
R3 was due to low methanotrophic activities. Again, this is consistent with the microbial 
community structure analysis where methanotrophs were observed at relatively low abundance 
compared to the uncovered beds. The results of pyrosequencing confirmed the presence of 
Nitrospira species in the soil cover. Nitrospira bacteria oxidise nitrite to nitrate (De Boer & 
Kowalchuk, 2001).  
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The utility of the mass balance model is demonstrated by the uncovered waste beds. An 
analysis of headspace gas compositions suggested that the uncovered waste beds were aerobic. In 
contrast, results from the mass balance model indicate that waste was degraded under semi-aerobic 
conditions with 37±3 % of the solids degrading anaerobically in R2, with the generated CH4 
subsequently oxidized by methanotrophs. The microbial community structure for samples retrieved 
from R2 is consistent with the mass balance model estimations. Around 50% of microbes identified 
in R2 column were anaerobic and methanotrophs were significantly more abundant in this column 
compared to the soil covered bed, R3. From these observations it can be concluded that the 
calculated values of rAD, rOX and rCOM were consistent with the microbial community composition 
observed in the covered and uncovered reactors. 
 
 
Figure 5-14: Relative abundances of phylogenetic groups in samples collected from R2 
and R3.  
 
5.3.9 Applying mass balance model to predict qCH4, qCO2 and qO2   
As a final evaluation, the model was used to in reverse, to calculate qCH4, qCO2, qO2 and qCO2 × δ
13
C-
CO2 and to compare these calculated values with direct measurement of these values. Equation 5-7 
to Equation 5-10 show the mass balance equations, the same as those expressed in matrix in 
Equation 5-2 to Equation 5-5, to estimate the daily fluxes of each of these components.    
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Equation 5-8 
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Equation 5-9 
 
2,
13
2( ) (6) ( 62) ( 24.4)estCO AEmi D OXtted COMq C CO r r r           
Equation 5-10 
 
 
2, .estCO
q , 
4, .estCH
q and 
2, .estO
q  represent the estimated daily rate of CO2, CH4 production and O2 
consumption. 
2,
13
2( )est EmitteC dOq C CO  is the product of the estimated CO2 flux and the 
measurement of 13
2C CO   in the headspace of reactors on the day that the model was applied. 
δ13C-CO2 was measured once on the day that the balance was applied.   
Values of qCO2,est, qCH4,est, qO2,est and qCO2,est×δ
13
C-CO2 are compared with direct 
measurement of these values in Figure 5-15 to Figure 5-18. The inverse application of the model 
shows excellent agreement between the predicted and directly measured values of emitted fluxes 
and O2 consumption. The only notable discrepancy is between qCH4,est and qCH4 for the uncovered 
reactors. The magnitude of qCH4 was one to two orders of magnitude less than qCO2 and qO2 and was 
therefore most subject to random variations in experimental measurements.        
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Figure 5-15: A comparison of directly measure and modelled δ13C-CO2 flux emitted from 
all reactors. 
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Figure 5-16: A comparison of directly measured and modelled CO2 flux emitted from all 
reactors.   
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Figure 5-17: A comparison of directly measured and modelled CH4 flux emitted from all 
reactors.   
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Figure 5-18: A comparison of directly measured and modelled O2 flux into all reactors.   
 
5.4 Discussion 
Of all the reactors, the soil covered reactor most closely represents the profile of an active landfill 
cell. The flux of CH4 and CO2 measured from R3 is consistent with other observations reported in 
the literature from active landfill cells and from open less controlled landfills where CO2 fluxes are 
typically higher than CH4 fluxes. Bogner et al. (2011) measured the flux of CH4 and CO2 from fresh 
waste, both with and without a soil daily cover at the Scholl Canyon and Marina landfills in wet 
(March 2007, 2008) and dry (August 2007, 2008) seasons. The average biogas fluxes from 
uncovered fresh waste were 135 gm/m
2
/d (±Std dev, range: ±117; 12.6-390) for CO2 and 0.053 
g/m
2
/d (±.034; .0005-0.107) for CH4. For cells with daily cover (30 cm soil), the average flux of 
CH4 and CO2 was seasonal, with fluxes of between 10 to 100 g/m
2
/d for CH4 during the wet season 
and 200 to 500 g/m
2
/d for the dry season. Similar measurements have been made by others. A flux 
of 54 g/m
2
d and 12.8 g/m
2
/d of CH4 was reported from two locations, in one location a landfill cell 
with 1 year old waste overlaid by a 15cm thick soil cover and the other location a landfill cell with 
standard daily cover, respectively (Abichou et al., 2006; Chanton et al., 2011b). In comparison, the 
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ranges of CO2 and CH4 fluxes from the laboratory reactors were as follows: A high but decreasing 
flux (±SD, range) of CO2 emissions were observed during the first month with an average of 650 
g/m
2
/d (±206; 240-1069) and 230g/m
2
/d (±45; 90-300) in uncovered and covered reactors 
respectively. It should be noted that the density of packed waste in the reactor were significantly 
lower than that of usually occur in field. The lower compaction of waste allows a higher flux of O2 
intrusion into the waste matrix which possibly might be the reason for a higher flux of CO2 from 
packed beds. However, it is difficult to achieve a high density packed waste in the laboratory. In the 
field setting, to save the landfill space and clear the way for the next truck to unload, waste is 
separated and compacted by heavy bulldozers. The flux of CO2 decreased to around 130g/m
2
/d and 
70g/m/d at the end of the experiment in uncover and covered reactors, respectively. From the 
uncovered reactors, the emissions of CH4 was only observed between day 40 to 90 with a range 
from 0.5 to 6 g/m
2
/d while the flux of CH4 from R3 peaked at 70g/m
2
/d. 
The model presented in this chapter represents the first published attempt to distinguish the 
rate and extent of aerobic activity in fresh shallow waste in a packed bed. The profile of rCOM 
showed that approximately 22% and 10% of the waste bed COD was consumed by composting 
activity in the first 30 days of operation of the uncovered and covered beds respectively. Anaerobic 
digestion activity became established approximately one month after starting the reactors, with most 
waste in the uncovered reactors degrading aerobically and close to half the waste degrading 
aerobically in the soil covered reactor. Table 5-6 showed the overall contribution of composting in 
COD removal in the four reactors. This can be compared to other studies on aerobic degradation of 
municipal solid waste. Pommier et al. (2008) investigated the degradation of some components of 
fresh waste, namely food, yard and paper/cardboard fraction, under batch aerobic conditions rather 
than packed bed conditions as applied in this thesis, as an approximation of aerobic activity in 
freshly placed waste in a landfill. Under aerobic conditions, between 3 and 23% of the ultimate 
BOD of various paper/cardboard materials and 60% of the food and yard waste fractions were 
consumed within 15 days.    
 
Table 5-6: The percentage of waste degraded aerobically and anaerobically in all reactors, 
on a COD basis.  
 R1 R2 R3 R4 
Anaerobic (%) 49±1 54±1 68±2 46±1 
Composting (%) 51±5 45±5 32±4 54±5 
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Two additional outcomes from the reactors studies are highlighted:  
 Methanotrophic activity was observed in all uncovered waste beds. This observation was 
supported by the detection of Methylococcaceae in one of these beds that was phylogenetically 
profiled. This is the only known study to date aimed at detecting methanotrophic activity and 
methanotrophs in a waste bed.  
 The results of this research showed that O2 readily migrated into the waste layer in the soil 
covered reactor, supporting composting activity in the waste layer. This is in contrast to the 
IPCC guidelines that acknowledge the possibility of composting in freshly placed waste but 
assume the level of composting activity to be negligible. The very significant level of 
composting activity in the soil covered reactor is in agreement with other evaluations of the 
IPCC landfill gas model. Wangyao et al. (2010) optimized the parameters within the IPCC 
landfill gas model by comparing the model estimations with actual gas emissions from shallow 
and deep landfills. The best fitting values of a CH4 correction factor, which expresses the 
proportion of composting as a fraction of total COD removal with a value =1 indicating no 
composting, were 0.65 and 0.20 for active deep landfills (depth >5m) and active shallow landfills 
(depth< 5m) respectively. 
5.5 Conclusions  
The following conclusions can be made based on the results obtained in this chapter: 
1) The mass balance model was verified using data obtained from degradation studies 
performed on waste beds packed into 200L reactors. The results of COD balance showed 
that the mass balance successfully estimated the rate of anaerobic digestion, CH4 oxidation 
and composting in the reactors. Phylogenetic profiling of one of the uncovered beds and the 
soil covered bed detected microbial community structure that was consistent with the 
prevalence of anaerobic digestion, CH4 oxidation and composting activity in the beds.  
2) The mass balance model was used to reveal that aerobic degradation activity occurred 
readily in the soil covered reactor. The results of the mass balance model also indicated that 
anaerobic digestion occurred in the waste beds without a soil cover. A high CH4 oxidation 
capacity was measured in the uncovered fresh waste beds. As an example, the concentration 
of CH4 in R2 was as high as 5%, but only trace (<100ppm) concentrations of CH4 were 
emitted from the surface of this waste bed. The microbial community analysis in R2 
confirmed the presence of methanogens and methanotrophic bacteria.  
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6 CHAPTER 6: Conclusions & Recommendations 
 
 
 
6.1 Conclusions  
The literature review in this thesis identified a lack of research on 
aerobic degradation processes in landfills. The review highlighted 
that CH4 generation and emissions are often over-estimated and 
that a significant cause of this the discrepancy was suspected to be 
the prevalence of composting and CH4
 
oxidation processes in the 
shallow layers of a landfill. This hypothesis was supported by 
observations by others of biogas at the surface being significantly 
enriched in CO2 compared to biogas collected from deeper layers 
in the landfill. From a review of landfilling practices, it was 
identified in this thesis that aerobic activity is likely to be highest 
in freshly placed waste, where the practice is to temporarily cover 
the waste with approximately 0.2m of soil.  
This thesis therefore focussed on degradation processes in 
waste beds with an upper surface exposed to atmospheric 
conditions. As identified in the review, this would involve 
quantifying the rates anaerobic digestion, composting and CH4 
oxidation processes that could occur simultaneously in the waste 
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bed. Achieving this would extend current available mass balance methods applied to landfill, which 
have been limited to considering anaerobic digestion alone in the waste layers or a combination of 
composting and CH4 oxidation in soil cover layers.  
The goals of this thesis were: 
1) To develop and validate a simple mass balance model to determine the rate of anaerobic 
digestion, CH4 oxidation and composting in a system where the three reactions take place 
simultaneously.  
2) To apply the model to investigate the process of fresh waste decomposition in waste beds 
where the upper surface is exposed to atmosphere.   
 
The following outcomes were achieved to meet these goals:  
 The basis of the mass balance model was to calculate the rates of anaerobic digestion (rAD), 
CH4 oxidation (rOX) and composting (rCOM) as fitting parameters to mass balances on the 
four components CH4, CO2, O2 and 
13
C-CO2. Although a unique solution for rAD, rOX and 
rCOM could be identified with only three mass balances, the additional mass balance enabled 
an estimate of uncertainty in the calculated rate values. 
 The model was successfully validated by applying the model to the net generation or 
consumption of gas components from a CH4 oxidation reactor, a composting reactor and a 
supply of CH4:CO2 that represented anaerobic digestion biogas. The model predicted rAD, 
rOX and rCOM exactly when using an arithmetic sum of consumption or generation of each 
component from all sources. Model error was also acceptable when using a constant 
stoichiometry for the three reaction processes in multiple applications of the model to 
repeated incubations. The most significant error occurred when using experimentally 
measured values of the net generation or consumption of the gas components from the 
blended biogas.    
 The model was validated in packed beds of waste in 200L reactors, large enough to 
anticipate the occurrence of all three degradation processes in the same bed. The headspace 
of reactors was flushed with air. O2 consumption and biogas generation were measured 
continuously. The abundance of 
13
C-CO2 (δ
13
C-CO2) was also measured by regular samples 
collected and analysed manually. The mass balanced model was used to calculate trends in 
rAD, rOX and rCOM in four beds until degradation was completed.  
 The observed flux of CO2 generation and O2 consumption and the absence of CH4 in the 
uncovered beds suggested that these beds were fully aerobic. However, the mass balance 
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model, confirmed by depth profiles of gas composition and microbial community analyses, 
showed that the lower half of all the uncovered beds were degrading anaerobically. The 
generated CH4 was oxidized as it migrated to the surface. 
 The ingress of O2 into the soil covered waste bed was partially restricted by the soil cover 
and CH4 emission from this reactor was observed. The mass balance, supported by depth 
profiles of gas composition and microbial composition, showed that the reason for CH4 
emission from this reactor was the low rate of CH4 oxidation which was suppressed by the 
inclusion of the soil cover. The mass balance model showed that rAD in the soil covered bed 
was close to that in the uncovered beds. The mass balance model showed that 39% of the 
CH4 potential (COD) was degraded by composting activity. 
 CH4 oxidation occurred in the shredded MSW layers. Oxidation of CH4 in landfill soil 
covers is a well-known process. However, this is the first time that the CH4 oxidation has 
been observed in organic waste. The underlying assumption of the current methods to 
estimate the CH4 oxidation in landfill assumes that the CH4 oxidation process in landfills is 
confined to the soil cover. 
6.2 Recommendations 
Based on the experience gained in this research, the following recommendations can be made to 
advance the results of this research:  
 The results of this study showed that the soil cover significantly affected the processes 
occurring in the packed waste bed. It is recommended that further experiments be done to 
demonstrate the model for a range of soil cover types and depths and for beds maintained 
over a range of moisture contents and temperatures.   
 Mass balance on O2 consumption was included in the current model. It was possible to 
measure O2 consumption in the laboratory setting with an acceptable accuracy. However, in 
contrast to the established methods of measurement of CH4 and CO2 emissions from 
landfills, the measurement of O2 consumption in a field setting is a challenging task. 
Therefore, it is recommended to develop a robust method to estimate the rate of O2 
consumption in a field setting. Alternatively, it is possible to replace the O2 mass balance 
equation in the model with a mass balance on another isotope (such as the 
2
H isotope 
of CH4).      
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Appendix 1: Evaluation and correction of control system data 
Introduction 
This appendix is dedicated to report the evaluation of instruments that were used to monitor the 
200L reactors. Initial check on mass flow controller (MFC), drum flow meter and sensors showed 
that there some deviation from the factory calibration setting that need to be corrected. These 
deviations were identified by configuring the gas line such that air through the MFC, gas sensors 
and drum flow meter.   
Initial checks of instruments: The gas line was configured so that the air travelled directly to drum 
flow meter through all sensors. The MFC was set at 3.26 L/min. All sensors were set-point 
calibrated as prescribed by the manual booklet. After the set-point calibration was carried out, it 
was expected to read a 0v/v% CH4, 0.036v/v% CO2 and 20.8v/v% O2. Table A-1 shows the values 
that were obtained from the sensors. Table A-1 showed that there is some deviation from the 
expected values and it is required to conduct a further analysis to make sure that accurate data is 
recorded. The following sections show the procedure for correction of flow meter, MFC and gas 
sensors. 
 
Table A-1: commencement test for instruments (45 minutes running) 
 
Flow in 
(l/min) 
Out-Flow 
(l/min) 
% O2-in %O2-out %CH4 %CO2 
Average 3.26 3.45 20.96 20.89 0.12 0.068 
 
Drum flow meter test 
It was possible to test the drum flow meter using a graduated 500ml syringe. The test showed that 
the drum flow meter measured the volume of gas very accurately. However, out of instant flow rate 
and cumulative gas volume measured by the drum flow meter, only the instant flow rate was data 
logged on computer. Therefore, the cumulative gas measurement from drum flow meter was 
assumed as reference for correcting gas other readings (e.g. average of flow rate readings from 
drum flow rate and the flow rate set to MFC).  
The flow rate reading from drum flow meter showed a fluctuation and therefore its average 
reading in 15 minutes multiplied by the elapsed time (15 minutes) may be slightly different to the 
cumulative volume (Figure A-1). The flow rate from the MFC was also checked against the 
cumulative gas volume measurement over a certain period of time. As a check, the gas flow was 
short-circuited and the MFC was set at 3.26 L/min.  
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The test was run for 360 minutes (6 hours), equivalent to one day measurement from one 
reactor. Table A-2 shows the results of this test. The cumulative gas measurement data showed the 
average flow rate of gas during this experiment was to be 3.32 L/min. The MFC was expected to 
deliver a rate of 3.26 L/min indicating that it deviated about 1% from the set point value and 
therefore a factor of 1.108 was used to correct the readings from the MFC. The average reading of 
drum flow meter was 3.45 L/min which was corrected by a factor of 0.96 (=3.32/3.45). 
 
  
 
Figure A-1: A view of Shinagawa drum flow mete. In the range that was indicated by red 
color a value of 2.9L/min is logged. In the area that was mentioned by yellow the flow rate 
output is ~ 3.7L/min in the rest the flow is ~3.44L/min 
Table A-2: the result of drum flowmeter and MFC test over 6 hours running 
Burkert MFC set value 
(L/min) 
Drum FM average 
(L/min) 
Volume meter 
(initial) 
L 
Volume meter 
(initial) 
L 
Actual 
flow rate 
(L/min) 
3.26 3.45 625765 626959.7 3.32 
 
After the correction coefficients for the MFC were applied, the flow rate readings from drum flow 
meter were obtained in triplicate. Table A-3 shows the comparison between the actual flow and 
averaged values that were logged from drum flow meter after correction over 45 minutes. The 
results showed that the reading is consistent and reasonably accurate.  
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Table A-3: comparison of corrected values in logging file and actual flow rate for flow rate 
(45 minutes) 
 
Effort 1 
( 45 mins) 
Effort 2 
( 45 mins) 
Effort 3 
( 45 mins) 
Total average 
(135 mins) 
Actual rate  (L/m) 
(cumulative volume /time) 
3.37 3.33 3.39 3.36 
Corrected flow rate 
(L/min) 
3.37 3.32 3.38 3.36 
 
 CH4 and CO2 sensors 
From Table A-1, it can be seen that the CH4 sensor overestimates the concentration of CH4. In 
contrast, the CO2 concentration is underestimated by the CO2 sensor. This section presents the 
procedure of correction for the sensors through calibrated against the FID-GC measurements as 
follows: 
 
 CH4 sensor calibration 
At the first step, the background value gas concertation readings were subtracted from logged data 
(Table A-1). The headspace of each reactor was flushed for 15 minutes. A digital timer was used to 
measure the elapsed time since the flushing of the headspace was commenced. Four gas tight 
syringes was utilised to collect four incremental samples from the outlet line. The sampling port 
was fitted in a location close to sensors. The procedure was repeated for all reactors for several 
occasions. Then data for CH4 measured by FID-GC were plotted against sensor measurements 
which were logged at the same time. There was a strong correlation between FID-GC and CH4 
sensor. The sensor data then were corrected using the regression linear equation. With reactors 1, 2 
and 4, when the background value was subtracted a very small value, or a small negative value was 
achieved. The negative values were considered as zero. This is in agreement with FID data where a 
low values between 0-100 ppm was measured. Figure A-2 shows the correlation between corrected 
values from CH4 sensor and measured data with FID-GC. After development the calibration curve, 
more measurements were carried out to compare CH4 sensor data (corrected) with FID-GC. As an 
example, the results of two calibration procedures were given in Figure A-3. 
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Figure A-2: Correlation between senor data and FID for CH4 measurement 
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Figure A-3: Two examples to demonstrate how corrected data from CH4 sensor is close to 
measured values by FID-GC. Sensor data represented by ○ and FID-GC measurements 
are shown by ▲. 
 
 
 
 CO2 sensor calibration 
Similar to CH4 sensor data correction procedure, the calibration curve for CO2 sensor was 
developed followed by the method that was described in previous section. Figure A-4 shows the 
calibration curve of CO2 sensor and Figure A-5 shows the CO2 sensor data against the FID-GC 
measurement after correction.  
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Figure A-4: Calibration curve for CO2 data correction (y = 1.19x - 0.01 R² = 0.93) 
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Figure A-5: Two examples to demonstrate how corrected data from CO2 sensor is close to 
measured values by FID-GC. Sensor data represented by ○ and FID-GC measurements 
are shown by ▲. 
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 Appendix 2: Texture of soil used in Reactor 3 
Particle size analysis (PSA) determines the relative amounts of sand, silt and clay in a soil. These 
size fractions are the mineral component of a soil and together determine soil texture. The particle 
size distribution analysis was conducted according Standard Test Method for Particle Size Analysis 
of Soils, ASTM D422. The particle size distribution was determined using a set of sieve as follows: 
1) All sieves were washed and then dried to prevent contamination from previous samples. 
2) Sieves were weighed and then assembled as shown in Figure A-6. 
3) A bag of collected soil sample was selected and added to the top of sieve set. 
4) Sieve set was fixed on top of shaker and it was operated for 45 minutes. 
5)  After 45 minute the sieve set was removed and the weight of soil retained on each sieve was 
measured. Then the percentage of weight of retained soil on each sieve out of total soil 
sample was calculated. 
This procedure was repeated for three samples of soil and the average was used. Table A-4 shows 
the particle distribution analysis. 
 The soil texture was determined based on soil texture triangle by the United States 
Department of Agriculture (USDA) protocol. Figure A-7 presents the soil texture triangle used to 
convert particle size distribution into a recognised texture class based on the relative amounts of 
sand, silt and clay as a percentage. According to the USDA, sand particles are between 2 mm and 
20 microns in size, silt are between 2 and 20 microns in diameter and clay are less than 2 microns in 
diameter. The laser diffraction method was used to measure soil particle size distribution values of 
the fine earth elements (Malvern Mastersizer, Malvern Instruments Ltd., Malvern, UK). Then 
USDA soil texture triangle model was used to determine the texture of soil. The soil texture was 
determined to be silt loam. 
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Figure A-6: Sieve set assembled and fixed on top of shaker 
 
 
Table A-4: The percentage of sand, clay and silt size particles in soil samples 
 
Sand (%) Clay (%) Silt (%) 
 Sample 1 4.1 17.1 78.8 
 Sample 2 6.4 16.5 77.2 
 Sample 3 6.3 16.4 77.3 
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Figure A-7: Texture class based on USDA classification is silt loam (Source: USDA) 
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Appendix 3: Gas concentration profile in Reactor 3 
 
 
 
 
 
 
Figure A-8: The profile of gas concentrations along the Reactor 3 waste column. 
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Appendix 4: Pictures of waste collection, waste shredding, waste loading, reactors, 
control system and waste loading 
 
 
 
Figure A-9: Waste was collected randomly and added to plastic drums 
 
Figure A-10: Landfill working face at the Swanbank landfill, where the waste samples were 
collected 
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Figure A-11: Tub grinder that was used to grind the collected waste. 
 
 
 
Figure A-12: Reactors were checked for leaks by pressurizing and then monitoring for 6h 
for pressure losses. Faulty seals were identified by applying a soapy solution to the seal 
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Figure A-13: Waste added to reactors using a plastic bucket 
 
 
  
Figure A-14: Samples were collected for BMP and COD assay from each reactor and then 
further shredded using a blender and scissors  
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Figure A-15: The user interface for controlling the air flow rate, the duration and frequency 
of headspace flushing. This screenshot shows set-up for Reactor 1 operating for 15min 
(900sec) headspace flushing event, with air supply controlled by the mass flow controller 
at 3. L/min and CH4:Ar gas apply at the base of Reactor 1 set at 20 ml/min.   
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Figure A-16: The status screen of software. It shows the molecular composition and flow 
rate of gas in and out of reactors and the temperature of each reactor.   
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Appendix 5: Sensitivity Analysis of the mass balance model  
Introduction 
This section presents the sensitivity analysis of the mass balance model that was developed in 
Chapter 4.  
 
Method 
In this study, extended Fourier Amplitude Sensitivity Testing (eFAST) method was utilized to 
calculate the main and total effect indices. First order and total order sensitivity indices for ten 
inputs using were calculated. The FAST method has been proven to be the most reliable method 
among variance-based techniques (Saltelli, 2004). Results from the batch experiment were used as 
baseline and inputs was sampled from a uniform Probability Distribution Function (PDF) with ±5 % 
deviation from baseline. The uniform distribution was selected as there was no prior information on 
inputs PDFs. The selected variation range, ±5 %, is based on equipment accuracy and is used to 
analyse the methodology developed. The sensitivity analysis was implemented in the free 
distributed software SIMLAB linked with an external VBA model in Excel to solve the model for 
each iteration (Saltelli, 2004).  
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Table A-5: List of inputs and their range in model sensitivity analysis 
Perturbed parameters  
Parameter Description PDF 
  
This parameter reflect the ratio of 
CH4:CO2 in anaerobic digestion 
reaction 
U[1.2-1.3]* 

 
This parameter shows the ratio of 
O2 consumption to CO2 production 
in composting process 
U[0.9-1.1] 
x  
CH4 oxidation was considered as 
4 2 2
(2 ) (1 )
rOX
CH x O x CO  
 
Then it was normalized to (1-x). 
U[0.3-0.4] 
I1, I2, I3 and I-t 
Reflect the isotope signature 
measured for CO2 from AD, OX 
and Com process and in emitted 
(mixed) CO2 respectively.  
I1: U[-33.1 to -29.9]  
I2: U[-65.1 to -58.9] 
I3: U[-25.2 to -22.8] 
I-t: U[-33.1 to -29.9] 
2CO
q , 
4CH
q and 
2O
q  
The flux of CH4 and CO2 and O2 
consumption 
2
qCO : U[6.6-7.3] 
4
qCH : U[5.6-6.2] 
2
qO : U[1.5-1.7] 
 
 
 
Results 
Model outputs variability was quantified using Monte Carlo simulation in which the model was 
evaluated using 1000 randomly selected input values from the input PDFs. Table A-6 depicts the 
results from Monte Carlo simulations for the bench scale experiment. These results were used to 
both determine the uncertainty in model outputs and perform sensitivity analysis.  
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The uncertainty in the model was assessed by the measure of the coefficient of variation (CV). 
Calculated CVs indicated that a small perturbation in inputs will reflect the highest variation in 
estimation of CH4 oxidation process. The variability of estimated values for anaerobic digestion 
showed the lowest variation with 4.7 % CV, whereas, that for rOX and rcom were 51.2% and 29.9%, 
respectively.  
 
Table A-6: Statistical parameters obtained from Monte Carlo Simulation for one 
experiment 
Output 
Observed 
2
/mole CO d
 
Evaluated 
2
/mole CO d
 
Min 
 
Max 
 SD 
CV 
% 
rAD  6.9 ±0.5 5.2 4.6 5.8 0.24 4.7 
 
rOX  
0.2±0.2 0.37 0 0.9 0.19 51.2 
 
rCOM 
0.8±0.1 1.39 0.43 2.4 0.42 29.9 
 
 
Figure A-17 presents results for sensitivity analysis. For both aerobic and anaerobic activity, it can 
be seen that the greatest uncertainty in all outputs came from the isotope coefficients for CO2 
originated from the anaerobic digestion (δ13C-CO2)AD and isotope measurement in blended gases.  
These two inputs explain 60% of the variance in all calculated reaction rates. However, compared to 
anaerobic digestion process, uncertainty in (δ13C-CO2)AD is less important to the aerobic processes 
estimation with a FAST first order index of 0.16.  
The process of anaerobic digestion is highly influenced by the coefficient assumed for the 
ratio of CH4:CO2 in biogas resulted from anaerobic digestion and the measured flux for CH4 and 
CO2. The rate of anaerobic digestion and CH4 oxidation are less affected by the flux of CH4 while 
the flux of CO2 plays more important role in the uncertainty of composting reaction rate. Comparing 
first order and total order indices of I-t (δ13C-CO2) measured at mixed gas) showed that the sole 
effect of this factor on composting process is low and therefore it contributes more significantly to 
the output by interacting with other factors.  
It is also noted that the first-order indices are generally less than total order for most of 
parameters. The difference between first and total order is a measure for the influence of 
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interactions between parameters on the model outputs. The sum of first order index was calculated 
to be 0.86, 0.69 and 0.59 for anaerobic digestion, CH4 oxidation and composting evaluated outputs, 
respectively. The largest difference between first and total order was observed for CH4 oxidation 
output, indicating that the interaction between parameter has a large role in variations of this output. 
Five least influential factors to uncertainty of all outputs are factors as represented by β, qO2, I3, I2 
and x (Table A-5). 
 
  
 
Figure A-17: Sensitivity indices for the calculated rate for each process to the model 
inputs. 1: rAD 2: rOX and 3: rCOM and ■ total order and ■ represents first order index. 
 
The sensitivity analysis highlighted that both stoichiometric and measurement of gas flux 
significantly contribute to uncertainty in results. However, it worth noting that among the 
parameters, δ13C-CO2 isotope signature corresponding to anaerobic digestion process, the flux of 
CO2 from the surface and its δ
13
C-CO2 isotope signature are the most influencing factors. The error 
in these parameters, however, can be minimised as these parameters are measured directly for each 
location, by increasing frequency and replicates of gas samples. 
